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PREFACE 


Tuts book is intended for students of medicine and allied scientific dis- 
ciplines who wish to acquire a grasp of the basic concepts of immunology. 
Since the book’s inception the topic of immunity has sprung into promi- 
nence because of the way in which transplantation surgery has fired the 
imagination of the world. As a result there is widespread recognition 
that the immune mechanisms play a vital role not only by combating 
infection but also in the maintenance of health. It is becoming widely 
accepted, therefore, that some familiarity with immunology is necessary 
for students in the whole field of biology as well as of medicine. We hope 
that a book of this sort, where the emphasis has been placed on the 
fundamental aspects that lead to an understanding of the subject as a 
whole, will be found useful. % 


The early chapters are devoted to the substances that take part in 
serological reactions and to the reactions themselves. It is to the study of 
antigens, antibodies, and, to a lesser extent, of complement, outside the 
human body, that we owe an understanding of the physicochemical 
nature of immunological reactions and of their most characteristic 
feature, specificity. 

At this point we turn our attention to.the teleologically less satisfactory 
aspects of immunity, namely the ‘immediate hypersensitivities’. Mediated 
by antibody, these in vivo reactions contain an element of damage to the 
host. The immunological oddity of the Shwartzman reaction concludes 
this section. 


There follows a consideration of ‘cell-mediated immunity’, a response 
in which, as its title suggests, humoral antibodies as we know them do 
not take part. Chapter 9, ‘Cell-mediated Immunity and Delayed Hyper- 
sensitivity’, falls within this area and we hope that the separation of 
‘Immediate Hypersensitivity’ from the two chapters on ‘Cell-mediated 
Immunity’ will help to dispel the clouds of obscurity that have hovered 
around these topics for too long. Our knowledge of cell-mediated im- 
munity is fragmentary compared with the humoral mechanisms, and it is , 
not therefore possible to deal with it in quite the same textual form. 
Nevertheless, many concepts introduced in the early chapters, such as 
specificity of immunological reactions and immunogenicity of antigens, 
are equally relevant to cell-mediated immunity, though the details of their 
application differ. 
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The chapters on ‘Transplantation Immunology’ and ‘Tumour Im- 
munology’ introduce the wider implications of immunology in which 
defence against infection is not the primary consideration, but in which 
resistance to change might be regarded as the keynote. 


In the final chapter the wheel has turned full circle and we consider the 
three responses to an immunogenic stimulus; antibody production, cell- 
mediated immunity, and tolerance, and the way in which such responses 
can develop so that the immunological system is turned against the host’s 
own tissues. 


It cannot have escaped the attention of anyone engaged in the biological 
sciences that the past decade has witnessed what is popularly called an 
‘information explosion’. Nowhere is this more evident than in the field 
of immunology. We are well aware, therefore, that during the course of 
the final revisions to chapters many interesting and significant facts have 
emerged in the literature which have not been incorporated in the text. 
Like other authors before us, we have tried to find ways to remedy this 
defect so that the latest information, hot from the presses, could be 
included. Like other authors, too, we have had to accept the limitations 
of our medium, among which are the impossibility, even in a multiple- 
author work, of covering the literature in a short space of time and, as a 
corollary, the unevenness of selected material that would result. For the 
guidance of the discerning we would say that the text was substantially 
finished at the end of January, 1969, and the references at the end of 
each chapter will indicate the period up to which the literature was 
covered. 


We recognize, too, that it is hazardous to predict the future. Neverthe- 
less, certain trends can clearly be distinguished. Progress in the chemical 
study of immunoglobulins is so rapid that it can be anticipated that the 
full sequence of amino-acid structure of a number of antibody molecules 
will soon be known. From this point it would be a relatively short step 
to defining the antibody-combining site in chemical terms—the culmination 
of the immunochemist’s dream. With the availability of chemically 
defined antigenic sites (determinants) this would lead to an important 
advance in our understanding of the interaction between antigen and 
antibody and the contribution made by the various forces involved. It is 
not unreasonable to assume that the ‘recognition factors’ of cell-mediated 
immunity will soon be biochemically characterized, and possible differences 
between them and immunoglobulins carrying antibody activity delineated. 
In a number of other areas, such as immune lysis with complement, the 
biochemical approach will again lead to greater understanding, and 
understanding brings in its wake the capacity to manipulate for the 
benefit of health and the prevention of disease. 


Advances of such basic significance as those described above also have 
their impact on various fields of applied medical science: blood-group 
serology, for instance, which can itself be used as a research tool in other 
fields such as cytogenetics. It is just this approach that has allowed a 
start to be made in the mapping of human autosomes, 
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Eventually it may become possible to express all immunological re- 
actions in terms of physicochemical parameters, and large parts of the 
subject will become a specialized branch of biochemistry if, as many 
biologists assume, the mystery of life can be expressed entirely in chemical 
and physical terms. Before such concepts are realized we still have an 
immense distance to travel, as can be seen from the fact that we are still 
quite ignorant of the processes which control the synthesis of antibody 
molecules of various specificities. 


Finally, as editors, we wish to express our sincere thanks to our col- 
laborating authors for bringing fresh outlooks and new inspiration to 
chapters that they have contributed. Without them the task of writing a 
book, even confined to basic immunology, would have become an in- 
tolerable burden. On their behalf as well as ours we also extend our 
grateful thanks to all those friends and colleagues who, in discussion, 
have contributed so freely in knowledge and ideas, and so helped in 
bringing this task to fruition. 


Bristol, 1970 BORG: 
DAB. P. 
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CHAPTER 1 


BASIC NOTIONS OF IMMUNITY 


By E. R. GOLD AND D. B. PEACOCK 
os 


I. Introduction 


II. Resistance 

Genetic constitution 

Stress 

Physical and chemical factors 

. Temperature 

Complement 

Conglutinin 

‘Natural antibodies’ and properdin 
. Interferon 

Phagocytosis 


1. Blockade of the reticulo-endothelial system 
2. Ingestion 
3. Digestion 
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III. Specific immunity 
A. Local immunity 
B. Herd immunity 
C. Development of specific immunity 


I. INTRODUCTION 


HistorICAL records show quite clearly that for many centuries Man has 
recognized that previous experience of certain infectious diseases confers 
protection on the individual in the face of subsequent contact with the 
same disease. It was even the practice in ancient China and in Persia to 
inoculate vesicle fluid or crusts from cases of smallpox into people who 
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did not show the marks of a previous infection. ‘Variolation’, as this 
method of immunization against smallpox is called, has probably been 
carried on without intermission right up to modern times and is currently 
employed by some nomadic Arab tribes. However this may be, it is 
apparent that the concept of immunity to epidemic disease is by no means 
a new one and that the restricted nature of acquired immunity is inherent 
in such practices and observations; that is to say that an attack of smallpox 
protects only against a subsequent attack of smallpox and not against any 
other infection. vt) 

The notion of specificity is the cardinal point in our understanding of 
the nature of acquired immunity. However, it was not until the germ 
theory of infectious disease had been established that the full implication 
of such ideas could be realized. First, therefore, had to come the 
recognition that certain bacteria caused certain diseases; that Salmonella 
typhi caused typhoid fever and not whooping-cough. Second came the 
recognition that it was a specific resistance to that bacterium or its toxins 
that prevented recurrences of the same disease. Third came the discovery 
that after recovery from an infectious disease protective substances called 
‘antibodies’ could be found in the blood of animals and man that would 
react with bacteria and their products in vivo and in vitro. A whole host of 
serological reactions was devised to detect the presence of specific anti- 
bodies in serum, and according to the type of reaction antibodies were 
given various names: ‘agglutinins’ for those that clumped cells, bacterial 
or otherwise, ‘antitoxins’ for those that neutralized toxins, ‘precipitins’ 
for those that aggregated soluble substances, and so on. Substances that 
give rise to the production of antibodies such as bacteria, their products, 
and indeed all kinds of chemical and biological molecules, are known as 
‘antigens’. 

Explanation of the reaction between antigen and antibody constituted 
something of a difficulty at first because it was first visualized as a chemical 
reaction based on the formation of covalent bonds. It soon became 
apparent that the number of antibody molecules combining with an 
antigen depended to some extent on the relative concentrations of the 
reactants in a mixture. Another way of putting this is to say that antigens 
and antibodies combine in multiple proportions and this in turn leads on to 
the hypothesis, now confirmed, that there is more than one reactive site on 
each antigen and antibody molecule. The nature of the reaction between 
these sites is also unusual and specificity is achieved by a unique arrange- 
ment of weak physicochemical bonds (see Chapter 6). 


II. RESISTANCE 


So far we have been considering only acquired immunity, but immuno- 
logy asa whole takes account of many other factors that operate at the 
host-parasite level. It would be quite proper for us to go into the question 
of virulence of pathogenic bacteria, for instance, but we will confine our 
approach to the point of view of the host. If we then further confine our 
attention to immunity from disease for the time being, we find that the 
subject falls roughly into two compartments, specific immunity and non- 
specific resistance. Specific immunity arises as the result of an antigenic 
stimulus and is directed against that antigen. 
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Non-specific resistance is compounded of an array of mechanisms that 
come into operation in the face of any, or at least a range of, invasive and 
pathogenic parasites. In the above definitions the distinction between 
immunity and resistance is one of specificity, but, as we shall see later, it 
is not always possible to maintain this distinction absolutely. The classic 
inflammatory response to infection is, for instance, initially non-specific 
and ultimately assisted by specific factors; thus phagocytosis can proceed 
without the intervention of antibody but is both more rapid and more 
effective in its presence. 

The relationship between host and parasite is a complex one ranging 
from the mutual assistance of symbionts, through the toleration of com- 
mensals and indifference towards saprophytes, to defence against 
pathogens. 

Parasites that are saprophytes in one species may be pathogens in 
another. In such cases the difference lies in the species of animals, of 
course, and not in the parasite, nor are we concerned in these cases with 
the development of acquired immunity by the host owing to past infection 
by the parasite. There is in fact a wide range of factors influencing the 
susceptibility of animals to disease—factors that are non-specific in 
character and that can be considered under such general headings as 
“genetic constitution’ and ‘stress’, or under more particular ones such as 
‘physical and chemical factors’, ‘phagocytosis’, and ‘competition 
between parasites’. 


A. Genetic Constitution 


Native resistance to potentially harmful agents in the environment may 
be due to (1) the provision of barriers through which the agent cannot 
penetrate, (2) the failure to provide an environment in which the agent can 
multiply or elaborate toxins, and (3) the functional absence of receptors 
susceptible to the action of potentially harmful metabolites elaborated by 
the agent. 

All these aspects can be considered under the heading of ‘genetic 
constitution’, but it will be convenient to deal with the first category 
separately as ‘physical and chemical factors’; the second two are more 
conveniently dealt with under the present heading. 

Species differences in resistance are easy to recognize; horses do not 
catch measles, nor dogs typhoid. But when it comes to differences within a 
species we find they are much harder to define and normally, of course, they 
are differences of degree rather than quality. In just a few instances defined 
abnormalities have been discovered in inbred strains of laboratory animals 
that have been associated with a heightened susceptibility to bacterial 
infection. Two or three strains of animals have now been bred that were 
deficient in a component of blood serum known as ‘complement’. 
Complement is itself a complex of substances (see Chapter 5) that has 
antibacterial activity in the presence of antibody. Animals deficient in 
this complex or even in one of its components are unduly susceptible to 
bacterial infections, and inbred strains carrying this trait tend to die out. 
In man there is the well-known example of the gene governing the produc- 
tion of the abnormal haemoglobin S. Homozygotic individuals develop 
sickle-cell anaemia and often die before puberty. Heterozygotes, however, 
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are more resistant to malaria than ‘normal’ individuals so that where 
falciparum malaria abounds there is a selective pressure for this abnormal 
and normally disadvantageous gene. 

It is fairly obvious that genetic differences may also be reflected in 
differences in specific immunological responses. Evidence of this can be 
seen in inbred strains of animal that form antibodies directed against 
different parts of an antigenic molecule such as insulin. In man differences 
in the ease with which antibodies are formed to blood-group antigens 
have been discovered as a result of repeated transfusions. 

In man too there is no doubt that certain congenital disorders of the 
immunological apparatus are associated with increased and more severe 
bacterial infections. Among patients with some forms of congenital 
hypogammaglobulinaemia bacterial infections have regularly and 
relentlessly claimed their victims, chiefly before but also since the advent 
of antibiotics. However relevant to genetic control such disorders are, 
they rather miss the point at issue in two important particulars, since what 
we are really concerned to do here is to demonstrate, in the first instance, 
that there are differences in susceptibility between apparently normal 
individuals, and, secondly, that the differences are in native resistance 
rather than in acquired immunity. Certainly of more immediate relevance 
is the case of Algerian sheep which exhibit greater resistance to anthrax 
than European breeds. In man even more subtle distinctions have been 
drawn. For instance, a familial susceptibility to tuberculosis is fairly well 
attested. Admittedly it is not easy to exclude a number of extrinsic factors 
such as food and environment in such studies, but Kallmann and Reisner [1] 
record that three out of four homozygotic twins went down with tuber- 
culosis after the corresponding twin had contracted the infection, whereas 
the figure for heterozygotic twins was only one out of three. 

Even more striking, though not necessarily more compelling in evidence, 
is the incidence of infectious disease in virgin populations.. We know from 
history that armies in the field have more often been defeated by disease 
than by force of arms, but often enough these fearful epidemics have been 
the result of lack of hygiene inherent in the movement of armies rather 
than in any innate susceptibility to disease in the stricken men. Never- 
theless, enshrined in the history of the movement of European races over the 
globe there are some remarkable stories of the capture of large countries 
by small bands of armed men. None of these is more extraordinary than 
the conquest of Mexico by Cortez. At the time the Mexicans were 
numerous, war-like, brave, and ably led. How then did Cortez, with a 
band of soldier-adventurers never numbering more than two thousand and 
sometimes only a few hundred strong, conquer this rich country ? 
Certainly he made allies of the indigenous population by exploiting 
existing factions and jealousies. Certainly his methods included diplomacy 
and even treachery. But at the most critical stage in Cortez’s campaign, 
Montezuma s followers suffered from an appalling epidemic of smallpox, 
presumably introduced by the Spaniards. The epidemic killed great 
numbers of fighting men and their leaders and is said to have been 
exacerbated because of the Mexicans’ habit of bathing frequently. 
ore mee the Old World used roughly the Same prescription one 

years later in North America, the Red Indian population proving 
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to be highly susceptible to imported infections, in this case tuberculosis as 
well as smallpox. Whole tribes were decimated or worse in the early part 
of the eighteenth century, with populations of tens of thousands being 
reduced to a few hundreds [2]. Another century later and the Plains’ 
tribes were suffering in the same way, and again Dubos records that in the 
year 1837 the Crows lost one-third of their number to smallpox. 

The suggestion here is quite clear that races that have experienced 
certain infectious diseases over periods of hundreds, perhaps even 
thousands, of years acquire a degree of constitutional immunity to them 
by a process of natural selection. Unequivocal evidence supporting such 
an ecological concept is not easy to come by, but we come closer to it in 
the Qu’Appelle valley reservation in Canada where Indian families were 
collected together and kept under a degree of medical supervision. Here, 
Dubos [2] reports, ‘the annual death rate from tuberculosis reached the 
fantastic figure of 9000 per 100,000. More than half the Indian families 
were eliminated in the first three generations of the epidemic. However, 
some 20 per cent of deaths in the surviving families were caused by 
tuberculosis.’ Continuing observation led to the suggestion that succeeding 
generations gradually acquired an innate resistance to the disease as 
judged by the more limited spread and severity of lesions in individual 
cases among the school population. 

Numerous other examples of the disastrous progress of infectious 
disease through virgin populations are to be found in medical and historical 
writings. By all accounts the Pacific Islanders were a healthy and happy 
people when first encountered by Europeans. Their subsequent history 
has a strong note of tragedy in it with epidemics of venereal diseases, 
tuberculosis, smallpox, measles, whooping-cough, and influenza sweeping 
through communities, reducing their numbers drastically and sapping the 
vitality of the survivors. As an indication of the severity of such diseases 
in the Pacific Islands, it is said that no baby born in Hawaii in 1848 lived 
through the whooping-cough, measles, and influenza epidemics that raged 
in the islands that year [2]. 

It is sometimes held that genetic factors contributed to the severity of the 
more recent measles epidemic of 1951. in Greenland. Morbidity and 
mortality-rates of 999 and 18 per 1000 of population were recorded [3]. 
Such figures, and the morbidity rate is fantastically high, are not all that 
surprising given the extremely infective nature of the virus, the sociability 
of the Greenlanders which made nonsense of any attempt at isolation, 
and the reported absence of an epidemic in southern Greenland for over 
a hundred years. Nor does the mortality-rate seem to indicate any great 
degree of heightened susceptibility when the crowded conditions under 
which the inhabitants lived and their general state of health and nutrition 
are taken into account. Certainly far higher mortality-rates have been 
described in various other parts of the world [4]. 

In April, 1949, Canadian Eskimoes experienced an outbreak of polio- 
myelitis with a paralytic rate of 18-5 per cent and a case fatality rate of 
24-7 per cent [5], but here we begin more certainly to encounter other 
influences. The epidemiology of poliomyelitis is rather complex, with the 
clinical manifestations being more closely associated with communities 
where infection is relatively uncommon. In other words, the disease 1s 
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more severe in those who have reached or passed adolescence. Because of 
their isolation a high proportion of Eskimo adults in this epidemic were 
presumably quite without previous experience of this virus. A high 
paralytic rate is to be expected in any community in these circumstances. 
In any event age brings in its train many changes, both physiological and 
pathological, that alter a host’s susceptibility to and capacity to deal with 
an infection. Nevertheless, we may be witnessing truly heightened levels 
of susceptibility in this epidemic. 

As far as hereditary factors are concerned, we can say with confidence 
that there are differences in susceptibility between species that have 
nothing to do with specific immunological responses, but are simply 
questions of suitability of host tissues for sustaining a particular parasite 
or susceptibility of host tissues to elaborated toxins. When we come to 
consider differences between races of man and breeds of animal, we are 
on much more difficult ground, and though we have good reasons for 
supposing that there are differences in innate resistance the burden of 
proof is somewhat onerous. 


B. Stress 


At first sight the data from the Qu’Appelle valley reservation would 
seem to provide fairly convincing evidence of the operation of innate 
factors of resistance. However, it would be unwise to forget that there are 
a number of other factors that affect the course of an infection in any 
individual. Some of these factors are fairly concrete, such as nature of 
diet, state of nutrition, protection from the elements, and overcrowding; 
others are more nebulous but can be interrelated, such things as sense of 
purpose or of despair or simply of confusion. Psychological, social, and 
dietary factors could all have been operating among the Qu’Appelle valley 
Indians, but the impact of these conditions could be expected to be less 
and less severe on each successive generation both by reason of adaptation 
by the Indians themselves and by experience gained by the supervising 
authorities. 

Both concrete and nebulous causes can be lumped together under the 
heading of ‘stress’, and their effect can be seen on the course of tuber- 
culosis in the inmates of concentration camps in the Second World War. 
Tuberculosis was widespread in these camps, no doubt due in part to the 
opportunities for spread engendered by overcrowding and lack of isolation 
of open cases. What is of particular interest from the present point of 
view though is that the majority of cases of tuberculosis resolved simply 
with rescue, rest, and food. In other words, the progress of the disease in 
the individual was arrested and reversed by removing a number of stress 
factors, although one must recognize that dietary deficiencies, for example, 
can go well beyond the induction of stress. 

Similar conclusions about stress can be drawn from the bizarre story of . 
swine influenza in the Middle West. The causative agent, swine influenza 
virus, 1s excreted by infected pigs in the ova of swine lungworms. The ova 
in turn are ingested by earthworms in which they undergo three develop- 
mental cycles. The third stage may be reached within two months and 
persist for years, during the whole of which time the earthworm remains 
infective for the pig. After ingestion, the lungworm larvae are released 
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and migrate back to the lungs where they undergo further development to 
become adult worms. At this stage the ‘masked’ virus they are carrying 
can apparently be stimulated into activity. Under natural conditions the 
appropriate stimulus seems to be the first cold snap of autumn [6], so 
that what appears to be an epizootic spreading with lightning speed is 
probably just the unmasking of a widespread latent infection by a geo- 
graphically widespread stimulus. 


C. Physical and Chemical Factors 


That skin and mucous membranes afford protection against the 
penetration of potentially pathogenic micro-organisms is clear to all of us 
from our experience of the frequency with which infection follows breaks 
in the skin, however insignificant. Though these surfaces do provide 
mechanical barriers, they are by no means inert in other respects and with 
their associated properties and ingredients, such as fats, waxes, pH, mucus, 
and cilia, are well able to hamper, remove, or destroy a wide variety 
of potential invaders. Taken together, all these factors therefore assume 
considerable importance, but it is often very difficult to assess the con- 
tribution effected by any one of them. 


D. Temperature 


The possible role of outside temperature on the general degree of 
resistance has already been mentioned in connexion with swine influenza, 
but internal temperature can also assume a critical importance at times. 
Pyrexial therapy was once widely used in the treatment of late manifesta- 
tions of syphilis because temperatures well above 37° C. are inimical to the 
survival of the spirochaete. In similar vein we may note that avian and 
piscine forms of tuberculosis are harmless to man, it is presumed because 
37° C. is not a sufficiently favourable temperature for the organisms to 
establish and maintain a foothold; also that tetanus toxin is not toxic to a 
number of cold-blooded vertebrates at ambient temperatures substan- 
tially below 37° C. Pathogenic strains of smallpox and poliomyelitis are 
capable of replicating in tissues at higher temperatures than strains that are 
less virulent, again illustrating the possibly profound influence of tempera- 
ture on the course of infections. This provides us with the teleological 
explanation that pathogenicity in such cases is due to a capacity of the 
organisms to multiply under the conditions of fever. It is also of interest 
that at least some of the causative agents of the common cold, rhinoviruses, 
induce degenerative changes in tissue-culture cells only when the tempera- 
ture of incubation is lowered from body heat to that obtaining in the 
mucous membrane of the nose (33° C.). 

Consideration in any detail of the vast number of chemical substances 
possibly linked with non-specific resistance to infection is quite beyond the 
scope of this book and a brief mention will be accorded chiefly to those 
that will again be the subject of comment in some other context. 

Of all the cell constituents and secretions that have been examined for 
direct action against bacteria, only substances falling within the class of 
basic proteins have unequivocally been demonstrated to have activity. 
Chief among these is lysozyme which is to be found in all body fluids 
except C.S.F., aqueous humour, sweat, and urine, and which reaches 
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particularly high concentrations in polymorphonuclear leucocytes. 
Lysozyme is bactericidal and sometimes bacteriolytic as well. 


E. Complement 

Another well-known factor, this time found in blood-plasma, is the com- 
plex of substances known as ‘complement’. Here we meet a recurring and 
unavoidable difficulty owing to the classification of immunity into specific 
and non-specific compartments. Complement, though quite properly 
regarded as non-specific in this sense, is usually quite inactive unless 
preceded by a specific antigen—antibody reaction. It attaches to preformed 
antigen-antibody complexes and its activity is characteristically seen in the 
lysis of Gram-negative bacteria and mammalian red cells. Its role in 
defence is probably considerably wider than this since it has been suggested 
that not only does it render particles it coats more appetizing to phagocytes 
(opsonization), but may also be responsible for the specific movement of 
phagocytes towards antigen-antibody complexes (chemotaxis). 


F. Conglutinin 


The substance conglutinin [7] enhances the specific agglutination of 
bacterial and other cells effected by antibody. Originally described as a 
property of bovine sera, it seems to be found only in the sera of the 
Bovidae. Biologically it behaves like an antibody to complement, but 
does not belong, as do antibodies, to the group of proteins known as 
‘immunoglobulins’. 

Its action is in many ways paralleled by immunoconglutinin, which is 
antibody directed against the complement moiety of antigen—antibody- 
complement complexes. Immunoconglutinin can be prepared by injecting 
appropriate immune complexes containing heterologous complement into 
animals, but it may also be formed by a host against its own fixed com- 
plement. In the reactions involving conglutinin and immunoconglutinin we 
again have a strange mixture of specific and non-specific mechanisms 
operating: the reaction between antigen and antibody we can regard as the 
truly specific element; between this complex and complement as physico- 
chemically but not immunologically specific; between the fixed com- 
plement and immunoconglutinin as immunologically specific as regards 
these two reactants, but non-specific with respect to the original antigen, 
since complement adsorbed to any antigen-antibody complex will suffice 
as the substrate in the final reaction. 

Though there is evidence that conglutinin and immunoconglutinin 
afford some protection against infection, the extent to which they con- 
tribute to a host’s defences remains uncertain. 


G. ‘Natural Antibodies’ and Properdin 


A few years ago another substance known as ‘properdin’ enjoyed a 
considerable reputation as a universal non-specific ‘antibody’. This view 
has since been considerably modified even among properdin protagonists 
(see Chapter 5). In rather similar vein we have the vexed question of 

natural’ antibodies, of which perhaps the best known examples are the 
anti-A and anti-B isohaemagglutinins of man. It is only in the sense that 
they arise without known antigenic stimulus that they can be regarded as 
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non-immunological since their reaction with antigen is to all intents and 
purposes a normal immunological phenomenon. The existence of natural 
antibody is crucial to some theories of antibody production in which the 
first step is considered to be the capture of antigen by preformed natural anti- 
body. Many so-called ‘natural’ antibodies display a low degree of speci- 
ficity for antigens, particularly of intestinal bacteria, and because of this 
and a degree of heat-lability have been equated by some with properdin. 

Apart from specificity they bear all the hall-marks of innate resistance 
rather than acquired immunity, and this is the reason for discussing 
them at all here. The question of stimulus is also at the root of the dispute 
about how such antibodies arise. The absence of stimulus is almost 
impossible to prove or disprove, but we would suggest that the bulk of the 
evidence from studies of the mechanism of antibody formation and the 
development of the specific immune response, particularly in germ-free 
animals, indicates the necessity for such stimuli. 


H. Interferon 


Viruses are subject to inimical influences in the host that do not differ 
in principle from those active against other parasites except in so far as the 
obligate intracellular relationship imposes new conditions. Anything 
which prevents or impedes the entry of virus particle into host cell could 
contribute to resistance in this way. Such a role has been suggested for the 
inhibitors of influenza viruses. These inhibitors are present in the mucus 
of the respiratory tract and carry receptors for the attachment of virus. 
The virus can liberate itself by the action of its own enzyme, neuraminidase, 
on a sialic acid substrate. Identical receptors are present on red cells and 
it is presumed on cells capable of supporting replication of the virus, 
where they might perform some necessary preliminary to the penetration 
of host cell by virus particle. 

Once inside the cell, viruses stimulate the cell to manufacture and 
secrete interferon, a protein that is capable of inhibiting virus replication 
in neighbouring cells [8]. Interferon is quite strongly host specific but not 
specific in its action towards viruses, though some are more readlly affected 
than others. Viruses also vary in their capacity to stimulate interferon 
production. 

The discovery of a totally new system of defence against attack by 
viruses warrants sufficient attention in itself, but in addition there is some 
evidence that foreign nucleic acid stimulates interferon production. This 
opens up the exciting possibility that in interferon we have found the basis 
of a protective mechanism directed against potentially the most hazardous 
of all invasions as far as the host is concerned, namely that of a direct 
attack on the hereditary mechanism of host cells by the introduction of 
new genetic material. ye 

Interferon is quite distinct from antibody in that it is neither specifically 
directed against the stimulating virus nor is it produced by cells necessarily 
associated with antibody production. 


I. Phagocytosis 


One of the most primitive functions exercised by animal cells is phago- 
cytosis. It is the means by which protozoa ingest their food and serves as 
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one of the principal distinctions between animal and vegetable kingdoms. 
Its very basic function is reflected in ontogenesis by the ability of cells of 
all three germinal layers to ingest particles at some stage 1n development. 
In multicellular animals the property of phagocytosis is retained only by 
some cells, and in the vertebrates would appear to be reserved particularly 
for the elimination of waste host material. Along with this specialization, 
however, the system also seems to have become adapted for the protection 
of the host against certain, especially particulate, noxious agents. 

It is in this area of defensive mechanisms that the most critical distinc- 
tions between non-specific resistance and specific immunity have to be 
made. Phagocytosis in fact partakes of both elements so that complete 
separation of these two mechanisms is quite impossible. Phagocytic cells 
are widely distributed throughout the animal body, as one would expect 
from a system that has such vital and all-pervading functions to perform. 
We are taught that bacterial infection and many another insult to body 
tissues call forth an inflammatory response, but as far as the phagocytic 
element is concerned it is as well to recognize from the outset that a number 
of different cell types is involved, and that it is unlikely that the mechanisms 
and functions of all the types are identical. 

Phagocytes of higher animals can be divided into two broad classes, the 
polymorphonuclear microphages of blood and the mononuclear macro- 
phages of blood and tissues. The phagocytic mononuclear cells of the 
blood together with certain other phagocytic cells found lining sinusoids 
and in the reticulum of organs such as the spleen, liver, lung, etc., 
constitute the reticulo-endothelial system, which is sometimes taken to 
include lymphocytes and plasma cells as well. The justification for 
including the latter lies not so much in the possibility that all these cell 
types derive from a common precursor or that there is some interchange 
of cell types following initial differentiation, as in the belief that together 
they form a single functional system devoted, in this context, to the 
development of specific immunity directed towards specific immunogens 
(antigens). Though this may well be true, at any rate for the development 
of humoral immunity, little would seem to be gained by lumping together 
cells that seem to perform very different functions in detail. Indeed by 
analogy and on some evidence microphages could be included in the same 
system, since it has been suggested that polymorphonuclear leucocytes may 
first process antigen before it is taken up by monocytes in the chain of 
events leading to antibody production. 

_However this may be, it is plain that we are already in something of a 
dilemma since the same cell types are being involved in both non-specific 
resistance and specific immunity. This does not in any way invalidate the 
classification of immunity into these sections, but it does perhaps remind 
us how often Nature will adapt existing systems to perform new functions. 
We are also faced with the question of what determines the ultimate fate 
of phagocytosed material. Is it to be breakdown and excretion? Or is it 
to be breakdown and immunological response? We are unable to answer 
these questions at present, but they imply first of all a mechanism of 
recognition operating at this level in order that immunogenic material 
may be distinguished from host material. We also know that the immuno- 
logical response may take any of three pathways: immune tolerance, 
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humoral immunity (antibody production), or cell-mediated immunity 
(delayed hypersensitivity-type response). It is quite possible that different 
kinds of antigen, soluble or particulate, carbohydrate or protein, may 
follow different routes of phagocytosis and processing terminating in 
different immunological responses. The same could be true of antigens 
given in different doses or by different routes. 

We are, however, considering specific responses rather than phago- 
cytosis alone. What is clear at this stage is that in general the different 
cell types play different phagocytic roles. In the inflammatory response 
the granular leucocytes are first on the scene, at any rate in large numbers. 
They may be sufficient to deal with a minor bacterial invasion, for instance. 
If, however, the bacteria are unduly toxic and there is sufficient tissue 
damage the granulocytes may themselves succumb in enormous numbers 
under adverse conditions of pH and so on. Macrophages are so wide- 
spread that in many situations they will already be present, but nevertheless 
they accumulate more slowly in an area of inflammation than do granulo- 
cytes. They are, however, more hardy in the face of adverse conditions 
and at sites of chronic inflammation come to be the predominant cell 
type. noord ha responsible for clearing up the debris left by the heat of 
previous battle. Macrophages have the advantage over microphages. in. 


must be accepted, therefore, that they are both part of the non-specific 
defensive system. It must be admitted that there are innumerable experi- 
ments that show unequivocally that specific antiserum_enhances phago- 
cytosis considerably. As far as microphages are concerned, this may be 
ea only connexion with specific immunity. In the case of macrophages 
this is almost certainly not so and phagocytosis of foreign material is a 
preliminary to the passing of information to immunologically competent 
cells, i.e., cells that are capable of a specific immune response. The role of 
the reticulo-endothelial system in defence is extremely complex and our 
understanding of it is by no means complete. 


1. BLOCKADE OF THE RETICULO-ENDOTHELIAL SYSTEM 


The function of the phagocytes of the reticulo-endothelial system can 
be studied by injecting particulate matter into the vein of an animal and 
determining the parameters connected with its disappearance from the 
blood-stream. It is an old observation that such particles may sub- 
sequently be found in the sessile phagocytes of organs such as the liver, 
spleen, lung, etc. That the blood-clearing mechanism can be inhibited 
has also frequently been shown by injecting massive doses of either 
antigenic or ‘inert’ particles. Whatever the type of particle, an initial 
period of’a few hours, during which clearance of new particles from 
the blood-stream is inhibited, is followed by a period of enhancement, 
sometimes lasting as long as two weeks. It seems fairly certain that the 
period of enhancement supervenes too quickly for there to be any question 
of the development of specific immunity; and experimentally a vaccine of 
Bordetella pertussis induces an immunity in mice several days before 
specific antibodies can be detected in serum [9]. The immunity might 
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conceivably be associated with a non-specific increase in phagocytosis. It 
is of interest that an increased rate of phagocytosis 1s not necessarily 
confined to the material injected, and this is again evidence of the non- 
specificity of the response. One must not be in too great a hurry either to 
equate an increase in phagocytosis with a higher level of immunity; the 
fate of the ingested particle must also be taken into account. It 1s 
remarkable all the same to find that the period of enhanced phagocytosis 
is associated with increased levels of immunity to bacterial infections 
when antigenic particles have been used to blockade the system, but not 
when so-called ‘inert’ particles such as carbon, dyes, kaolin, etc., have 
been used. ; 

We are still left with a puzzling element of non-specificity when the 
reticulo-endothelial system is stimulated by antigenic substances, a 
mechanism that is just hinted at in the old observations that the macro- 
phages of animals infected with tubercle bacilli show enhanced uptake of 
carbon particles. The period of heightened immunity may be similarly 
non-specific, i.e., directed against a different bacterium from that used to 
stimulate the system. 

It is clear that both resistance and immunity are the end-products_of 
mechanisms that begin with phagocytosis. However, phagocytosis itself 
is a complex process beginning with ingestion which may or may not be 
followed by digestion. We will now consider these two processes 
separately. 


2. INGESTION 


In 1903 Wright and Douglas [10] demonstrated the presence of factors 
in normal serum that enhanced the uptake of bacteria by phagocytes, 
and which they called ‘opsonins’. Subsequently it was shown that both 
heat-stable and heat-labile components might be involved in this reaction, 
and even at this distance in time the nature of opsonins is still being 
debated. 

Some authors have reserved the term for the heat-labile component of 
serum, and others have assumed that because of its heat-lability it must 
be ‘complement’. Still others take the view that opsonins are antibodies, 
either ‘natural’ or ‘immune’, or that opsonins are any substance or com- 
plex of substances that enhance phagocytosis. What is not in doubt is that 
a specific antiserum exerts a very great opsonizing effect on its homologous 
antigen and, consistent with the view that this effect is due to antibody, is 
little affected by the application of heat. The nature of heat-stable opsonins 
in ‘normal’ sera remains somewhat obscure. To say that they are ‘natural’ 
antibodies simply begs the question since there is no general agreement on 
what natural antibodies are, nor on how they originate, though specificity 
is implied. Evidence for heat-labile elements of serum apart from 
complement has also been adduced [11]. 

From an immunological standpoint we might perhaps think that the 
unique role of phagocytes is to make the initial recognition of ‘foreign’ 
material, and this poses the question, Is this recognition due to a chance 
meeting or 1s it in some sense directed? It is true that a wide range of 
substances, not all of them of biological origin, appear to attract phago- 
cytes [12], i.e., are chemotactic, and it is probable that in some cases 
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chemotaxis is not dependent on serum factors. Conversely it would be 
unwise to regard any particles as ‘inert’ in this respect since as long ago 
as 1921 Fenn showed that phagocytosis of carbon particles was enhanced 
by serum [13], and the adsorptive capacity for proteins of a number of 
substances that are readily ingested is well known. In recent years a heat- 
stable principle has been described which is released from fresh serum by 
the addition of antigen or antigen-antibody complexes and which is 
chemotactic for rabbit polymorphonuclear leucocytes [14, 15]. Sub- 
sequently chemotactic activity has been ascribed to certain components of 
complement [16]. It might be noted in passing that the J/ytic activity of 
complement is destroyed by heating at 56°C. for 30 minutes and in 
serology this is what is generally meant by ‘heat-labile’, but lytic activity 
requires all the components of complement whereas chemotactic activity 
apparently does not. Since the ease with which different components of 
complement are inactivated by heat varies, the fruitlessness of trying to 
equate heat-stability with the activity of complement in chemotaxis, 
without specifying which components are involved, becomes apparent. 

Whatever the additional factors that influence phagocytosis, there is no 
doubt that the most effective opsonins are antibodies. This is reflected in 
the extremely small amounts at antibody that can be detected in vivo—as 
little as 0-001 yg. of antibody nitrogen, a sensitivity that is paralleled only 
by the most sensitive serological tests available, such as passive cutaneous 
anaphylaxis. Opsonization may nevertheless affect two distinct processes: 
attraction and engulfment. For instance, before ingestion can take place 
in the absence of antiserum encapsulated pneumococci have to be trapped 
against a surface; coated with antibody they can be snatched, as it were, 
out of mid-stream by any passing leucocyte. It has been suggested that 
opsonization of this sort is due to an alteration in the net electrical charge 
at the surface of bacteria. An alternative explanation for enhanced 
phagocytosis could be that the phagocytes themselves become more 
active. It is perhaps rather difficult to rule out this possibility purely on the 
basis of microscopical evidence, and at first sight it would appear that the 
non-specific stimulation of the reticulo-endothelial system by bacterial 
endotoxins, etc., that we have already noted, would support such a 
possibility. However, on more detailed examination it appears that the 
main effect of injecting such substances is to increase the production of new 
phagocytes. In addition, a concurrent rise in serum opsonins has often 
been observed. 

The picture of events initiating ingestion thus remains very confused with 
antibody, complement, or some components of complement, and possibly 
other serum factors, either heat-stable or heat-labile, all exerting some 
influence on the outcome. 


3. DIGESTION 


We have taken note that ingestion is not sufficient either for the disposal 
of effete host materials or for defence against micro-organisms. Digestion’ 
in many cases succeeds ingestion and in order that it should do so a train of 
metabolic events has to be set in motion. The process of digestion 1s 
immediately preceded by an event described as ‘degranulation’ which has 
been equated with the rupture of lysosomes into vacuoles containing 
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ingested material. Lysozyme and phagocytin are two enzymes that 
probably play a leading part in the dissolution of bacteria and other 
particles; a process that may be completed by other hydrolytic enzymes of 
which lysosomes are known to contain a number. 

Degranulation is very much less marked, or absent altogether, when 
‘virulent’ bacteria are ingested, and this observation can be correlated 
with an absence of specific antibody in serum. For example, avirulent 
pneumococci, which lack the strain-specific polysaccharide capsules of 
virulent members and which are therefore coated by the much more widely 
distributed group-specific antibodies, are also much more readily ingested 
and digested. Antibody is thus seen to take part in both processes, and the 
same can probably be said of complement. Red blood-cells ‘sensitized’ 
with the so-called IgG class of antibodies fail to ‘fix’ complement and 
though ingested are not lysed. The same cells ‘sensitized’ with IgM anti- 
bodies do ‘fix’ complement and are lysed [17]. Lysis is accompanied by 
degranulation. 

Possibly nowhere else in the field of immunology is a phenomenon so 
readily observable and the elucidation of its mechanism so baffling. 
Studies can be undertaken in vitro and in vivo, but the devising of valid 
experimental procedures is fraught with pitfalls, as has been pointed out 
in a number of recent reviews on the subject [12, 15, 18]. For instance, 
well-washed phagocytes have been used to study ingestion in the absence 
of serum, but whether such cells are still in anything approaching a 
physiological condition is open to grave doubt. The type of phagocytic 
cell, the class of antibody, the role of complement, and other as-yet- 
undefined plasma constituents all have to be considered. Even the phylo- 
genetic relationship between phagocyte and ingested particle may influence 
the outcome since distantly related erythrocytes have been shown to be 
more readily phagocytosed in the absence of antibody than those more 
closely related [19]. Some ‘inert’ particles, e.g., polystyrene, can be 
ingested in the absence of serum; others, e.g., starch, cannot. It is 
presumed that the surface of the particle has a decisive bearing. These are 
but some of the conditions that have to be observed if meaningful experi- 
ments are to be devised, and it comes as no surprise to find that the 
literature on the subject abounds in conflicting statements. Nevertheless, 
the fact that so many of these problems are now recognized offers hope that 
future investigations will prove more rewarding. 


II. Spectric IMMUNITY 


_ With phagocytosis we reached a half-way house between resistance and 
immunity where both factors operate. The development and operation of 
acquired immunity may certainly involve phagocytosis, but what 
distinguishes acquired immunity from resistance is the specificity of the 
response towards the stimulating antigen. Specific immunity may be 
acquired in a number of ways and the simplest subdivision is as follows:— 

1, Natural: (a) Passive; (b) Active. 

2. Artificial: (a) Passive; (b) Active. 

By ‘passive immunity’ is meant that a normal or susceptible animal 
receives material from an immune animal that confers a specific immunity 
on the recipient. By ‘active immunity’ is meant the development of an 
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immune response by the host’s own immunological system to an anti- 
genic stimulus. 

The transfer of maternal antibodies to the offspring via the placenta is 
an example of natural passive immunity; the injection of serum or 
gamma-globulin from an immune animal into another animal constitutes 
artificial passive immunity. Active immunities result from accidental 
infection (natural) and purposeful administration of antigenic substances 
(artificial). 

Once an individual has received an antigenic stimulus and responded, its 
subsequent reaction to that antigen is altered. This state of ‘altered 
reactivity’ was the meaning von Pirquet originally gave to allergy, a term 
that is now generally used to indicate a state of hypersensitivity. Basically 
this altered reactivity is expressed in either humoral or cellular forms. 
Classically the administration of a soluble antigen stimulates an animal 
to produce circulating (humoral) antibody. The antibody reacts specifi- 
cally with antigen, and in vivo either neutralizes it or increases the rate at 
which is catabolized and excreted. Antibody production may also result 
in a state of heightened susceptibility in the host animal, known as 
‘immediate hypersensitivity’, in which the subsequent administration or 
continued presence of the stimulating antigen engenders a state of shock 
(see Chapter 7). 

It is still easy to visualize how antibodies can exert a protective effect 
on the organism as a whole. This is not so in the case of cell-mediated 
immunity. Here we are characteristically dealing with a phenomenon 
known as ‘delayed hypersensitivity’, of which the very name suggests that 
we are dealing with anything but an immune phenomenon. It is indeed 
a matter of considerable difficulty to demonstrate that delayed hyper- 
sensitivity or the mechanism from which it derives is in any way protective. 
What is certain is that delayed hypersensitive responses cannot be cor- 
related with circulating antibody levels. These are in truth two quite 
separate states of altered reactivity that are consequent on antigenic 
stimulation. 

How can we resolve the paradox that a hypersensitive reaction is the 
result of an immune response? First, we must make it clear that no proof 
exists as yet that the acquisition of a state of delayed hypersensitivity 
confers protection on an animal—we are in this sense no farther forward 
than the bacteriologists of the last century who originally described the 
phenomenon. Second, that the two phenomena, humoral immunity and 
delayed hypersensitivity, are mediated by quite distinct mechanisms. Proof 
of this lies in the fact that humoral immunity can be transmitted from one 
animal to another by means of blood-serum, whereas delayed hyper- 
sensitivity can be transmitted only by cells (of the lymphoid series). 
Nevertheless, although these two types of response are quite distinct they 
can sometimes, and perhaps would usually if we had the means to detect 
them, be seen to occur together. Indeed, they are sometimes so inter- 
related that it appears that they must share some common pathway in their 
development. This is most clearly seen when a small dose of native protein 
is used to induce a state of delayed hypersensitivity in an animal. After a 
suitable interval of time a second dose of antigen can be used to elicit the 
delayed hypersensitivity reaction. But the secondary stimulation afforded 
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by the antigen is also sufficient to push the immunological apparatus over 
into antibody production. The first dose thus induced a state of cell- 
mediated immunity, the second dose a state of humoral immunity on top 
of it. The relationship between these mechanisms can be seen if the 
second dose consists of slightly denatured antigen instead of native anti- 
gen. The hypersensitivity reaction is then obtained but not the antibody 
response. 

We must deduce from this that the first dose is sufficient (1) to induce a 
state of cell-mediated immunity so that a second dose elicits a hyper- 
sensitivity reaction, and (2) to prime the antibody-forming mechanism 
so that on secondary stimulation it can go into production. If the second 
dose consists of altered antigen it is still sufficiently similar to the native 
antigen to elicit the immunological reaction of delayed hypersensitivity, 
but at the same time it is too different to provide the stimulus needed for 
antibody production. 

Taken in conjunction these facts quite clearly distinguish between the 
two types of response. They also indicate that the responses are in some 
way interconnected since the same dose of antigen primes both mechanisms. 

In addition, we can draw a number of other conclusions from the same 
evidence. First is the point already partly made that an immunological 
reaction is less demanding with respect to specificity than an immunological 
response. In this case the reaction is one of delayed hypersensitivity, 
although the same would probably apply equally well to an antigen— 
antibody reaction. The immune response, of course, was one of antibody 
production, and since this mechanism requires the native rather than the 
denatured antigen for its operation it must be presumed that it functions 
at a different level. 

This brings us to the second point: that there must also operate a system 
of memory in order that the antibody-forming mechanism should distin- 
guish between native and denatured antigen. Since memory is not 
deceived by the slightly altered antigen, a third point would be that 
memory is more highly specific than the immune reactions that ultimately 
result from its operation. 

Memory is thus seen to form an important link in the chain of events 
leading to a specific immunological response. It should not be confused 
with recognition, which serves only to distinguish between antigenic and 
non-antigenic substances. Cells which are capable of reacting to an 
immunogenic stimulus are said to be immunologically competent; they 
might be said to be associated with recognition. Those that have already 
been in contact with an immunogen, directly or indirectly, and are ready 
to respond specifically to another stimulus from the same immunogen are 
said to be immunologically committed. They might be said to be associated 
with memory. 

Returning to the foregoing experiment once more, we might have found 
that if a larger first dose of antigen had been given the second dose would 
not have elicited the reaction of delayed hypersensitivity, and indeed 
circulating antibodies might already have made their appearance. Are we 
to conclude from this that it is only the size of antigenic dose that deter- 
mines whether the response is cell-mediated or humoral immunity ? Size of 
dose is certainly important but is equally certainly not the only criterion 
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that determines the nature of a response to an immunogenic stimulus. 
That antibody production classically follows the intravenous administra- 
tion of soluble antigens has already been remarked on. Conversely the 
administration of antigen into the dermal or subcutaneous tissues, 
accompanied by the slow release of antigen, appears to favour the develop- 
ment of cell-mediated immunity. These conditions are probably mimicked 
to some extent by skin and whole-organ homografts, the rejection of 
which can be regarded as a consequence of the development of cell- 
mediated immunity (see Chapter 10). If Gowans [20] is right, the small 
lymphocyte plays a very prominent role in the rejection of homografts. 
This cell type is certainly an immunologically competent cell whereas 
phagocytic cells are not, so it may be that the way in which an immunogen 
is presented to the small lymphocyte, and through it to other cells of the 
lymphoid series, determines whether the immune response is one of 
cell-mediated or humoral immunity. 


A. Local Immunity 


Throughout the foregoing discussion we have used the term ‘cell- 
mediated immunity’ and eschewed that of ‘cellular immunity’ because the 
latter has been given so many meanings by so many writers—ranging 
from ‘phagocytosis’, through ‘delayed hypersensitivity’ and ‘homograft 
rejection’, to ‘local (or tissue) immunity’. The last-named are again 
phrases of somewhat imprecise meaning which we would prefer to restrict 
to the sense of specific immunity to reinfection acquired by certain tissues. 
Examples can be found in the spreading lesions of ringworm and erysipelas; 
rather more uncertain is the oft-recorded failure of smallpox vaccination 
to ‘take’, only for a subsequent inoculation at a new site to succeed. 
Convincing explanations based on immunological grounds have been 
difficult to sustain in the past. It is all the more interesting, therefore, to 
find that in recent years a new class of antibody molecule, called IgA, has 
been discovered that is often locally produced and is particularly associ- 
ated with mucous membranes. The way in which such antibodies might 
act is well illustrated by comparing the results of vaccination with the two 
types of poliomyelitis antigen. The killed (Salk-type) vaccine is injected and 
stimulates the production of circulating antibodies which protect the 
individual against the clinical disease, but do not prevent him from 
becoming infected and excreting the virus in large numbers. The live 
(Sabin-type) vaccine is swallowed and like the wild virus produces a gut 
immunity as well as humoral antibodies. It is possible that the freedom of 
the intestinal wall from further infection by the virus could be due to the 
local production of antibody. Whatever the mechanism, the effect is that 
those people who have taken oral vaccine do not subsequently become 
infected by and excrete wild strains and are therefore less of a danger to 
their fellow-men. 


B. Herd Immunity 

The concept that the immune status of an individual reflects the sus- 
ceptibility of the population as a whole to certain infections 1s inherent 
in the idea of herd immunity. Any parasite has a greater chance of establish- 
ing itself in a community containing a relatively large number of susceptible 
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hosts. Given that defence against a particular infection is the result of 
specifically acquired immunity, susceptibles may arise in a number of ways: 
by introduction from without either by birth or immigration; by loss of 
acquired immunity through the absence of repeated or continuing infec- 
tion; and by alteration in the antigenic structure of the infectious agent as 
with the influenza virus. Herd immunity is thus seen as an epidemiological 
concept with a foundation in the development of specific immunological 


defences. 


C. Development of Specific Immunity 


So far we have dealt with the subject-matter of immunology almost 
wholly in the context of infectious disease. We have only strayed from this 
path to mention certain examples, for instance of homograft rejection, in 
order to shed light on particular problems. While there can be no doubt 
that the specific immune response to foreign invasion is of vital importance 
to many animal species, it is nevertheless worth exploring the possibility 
that this is not its primary purpose. Or if that is put in too teleological a 
manner, then that possibly the exploration of the development of the 
immune apparatus might show us how it came to be adapted to resist 
invasion from without. 

The study of this aspect of immunology may be approached from the 
point of view of ontogeny or phylogeny, since we see an accelerated 
version of evolution in embryological development in a manner of speak- 
ing. According to Gesner [21], ‘the development of immunological com- 
petence coincides phylogenetically and embryologically with the appearance 
of lymphocytes’. Part of the evidence on which this statement is based 
is that in the opossum embryo the accelerated elimination of an injected 
bacterial virus is correlated with both the appearance of small lymphocytes 
and with antibody production [22]. This bears the implication that before 
the development of this cell type injected antigen is slowly excreted, perhaps 
no quicker than host protein. But here we have introduced a new topic. 
Why should host material be any different from ‘foreign’ material, since 
it would in fact be ‘foreign’ to another host? The concept that an animal 
does not react immunologically against its own antigens was recognized 
by the earlier immunologists and is enshrined in the term ‘horror auto- 
toxicus’. We shall see later (Chapter 12) that this aversion is not always 
maintained and that the pathological lesions of so-called ‘atuo-immune 
diseases’ can result. It has also been suggested that the physiological 
production of auto-antibodies assists, or is necessary for, the normal 
scavenging process associated with the excretion of worn-out body 
materials. 

_Under normal circumstances it would seem at the moment that the 
distinction between antigen and host material is made principally on the 
basis of dose and continuing presence. It can be verified experimentally 
that very heavy doses of antigen induce a state of acquired immunological 
tolerance which continues so long as there is a sufficient concentration of 
antigen present to enforce it. Tolerance towards the host’s own immuno- 
gens can then be looked upon as resulting from the saturation of its 
immunological apparatus by those immunogens. Saturation with ‘foreign’ 
antigens is much easier to achieve during the perinatal period than in 
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adult life, and this explains in part why tolerance was first induced regu- 
larly and with certainty under such conditions. Nevertheless, tolerance 
can be induced in adult animals providing adequate doses are administered 
and maintained. 

In this manner the vexed question of how the immunological apparatus 
can distinguish between ‘self’ and ‘not-self’ has been rather neatly side- 
stepped with the explanation that it is inherent in the nature of the immune 
response. 

We have still to deal with the fundamental questions posed above, 
namely, what has called the immunological system into existence and why 
has it been retained? The mere fact that we can trace it down the phylo- 
genetic scale, at least as far as the teleost fishes, only tells us that these 
functions developed or were adapted a fairly long time ago and have 
presumably proved to be of survival value in vertebrates. In fact we have 
independent evidence of survival value in the early demise of congenital 
hypogamma-globulinaemics in the face of bacterial infection, at least until 
the advent of antibiotics. 

It is, of course, quite easy to recognize the benefit that accrues to an 
animal from the presence of humoral antibody, especially if we consider 
only reactions such as agglutination, precipitation, bacteriolysis, and 
opsonization. With reactions of immediate hypersensitivity, also mediated 
by antibody, and of cell-mediated hypersensitivity the benefit to the host is 
by no means obvious. Indeed immediate hypersensitivities can kill the 
host and delayed hypersensitivity has not been proved to have a protective 
function. However, the part played by antibodies in recovery from viral 
infections is not nearly so marked as it is in bacterial infections; and this at 
least opens the door to explanations of the type that the tissue destruction 
that accompanies delayed hypersensitivity might militate against viral 
replication. 

Possibly of greater significance is the rejection of grafted tissues by 
cell-mediated immunity. It is very tempting to extend such observations to 
the speculation that this type of immunity is particularly associated with 
maintaining the integrity of the host. The concept that multicellular 
organisms are constantly replacing worn-out cells, and in the process 
mutations of suicidal or perhaps only harmful consequence are occurring, 
is one that Sir MacFarlane Burnet has made peculiarly his own [23]. The 
connexion between ‘forbidden’ mutants of any cell type and uncontrolled 
tumour growth is easy to draw; and there is abundant evidence that 
tumour cells differ from parent cells morphologically, genetically, and 
antigenically. It is a reasonable assumption that early mutants with new 
antigens on the cell surface stimulate an immune response and are destroyed. 
The suggestion that the immunological apparatus is, though competent, 
less flexible at the extremes of life is perhaps sufficient to account for the 
higher incidence of malignant neoplasms at these ages. 

The considerable threat to the host’s integrity posed by viruses has 
already been mentioned, and it is of interest that tumour viruses charac- 
teristically alter the surface antigens of the cells they infect. From this 
point of view the postulated immunological attack against these “mutant 
cells is more in the nature of maintaining integrity than an attack directed 
against virus replication. 
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Though largely speculative, the view that the whole breadth of resistance 
and immunology is concerned with the maintenance of a host’s integrity 
does form a unifying concept in a field where there are many complicated 
mechanisms and confusing factors operating. It is, however, with the 
consideration of mechanisms as well as principles that immunology 1s 
concerned and it is to the more detailed study of those aspects and their 
application that we shall now turn. 
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CHAPTER 2 


ANTIGENS 


By E. R. GOLD AND D. B. PEACOCK 


I. Introduction 


A. Haptens 
B. Partial antigens 
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C. Chemical composition 


III. Specificity 


A. Protein antigens 


1. Specificity of natural proteins 

2. Species specificity 

3. Organ specificity 

4. Chemically altered proteins 
Nitration and iodination 

5. Conjugated proteins 
a. Influence of acid radicals 
b. Influence of neutral radicals 
c. Influence of spatial configuration 
d. Influence of aliphatic side-chains 
e. Influence of peptide side-chains 

6. Configuration 

7. Chemical structure 

8. Size of determinants 


B. Polysaccharide antigens 


1. Size of determinants 
2. Structure of determinants 
a. Blood-group antigens 
i. Biochemistry of soluble ABH and Lewis substances 
ii. Antigens of the MNSs system 
iii. Other blood-group antigens 
b. Bacterial polysaccharides 
i. Pneumococcal capsular antigens 
ii. Somatic antigens of enterobacteria 
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a. Basal core structure 

B. Structure of O factor determinants 
y. Lysogenic conversion 

6. Classification 


C. Lipid antigens 
1. Nomenclature and structure 
2. Antigenicity of lipids 
3. Glycolipids of tissues 
4. Glycolipids of red blood-cells 
5. Genetic control of red-cell glycolipids 


D. Heterophile antigens 


I. INTRODUCTION 


IF ‘antigen’ is defined in terms of ‘antibody’, as it used to be, then it is true 
to say that an antigen is any substance that stimulates the production of 
antibody that is complementary to and reacts with the antigen. Such a 
definition is incomplete as will become immediately apparent, but from 
it follows that immunogenicity of antigen, i.e., its ability to stimulate 
the production of antibody, and specificity, i.e., its ability to react 
with the antibody produced, are the two most important attributes of an 
antigen. 

ae the light of more recent knowledge it is clear that antigens provoke 
responses other than the production of humoral antibody, such as delayed 
hypersensitivity and tolerance. Therefore we would now say that the main 
property of an antigen is its ability to change the reactivity of certain cells; 
first in ways that are general to all antigens and second in ways that are 
specific to the particular antigen. The same criteria of immunogenicity and 
specificity are inherent in both definitions, but immunogenicity now takes 
on a rather wider meaning. 

As far as is known at present, the commonest response to an antigenic 
stimulus culminates in the production of specific antibody. Specificity is 
determined by a small patch on the antibody molecule that is complement- 
ary in configuration to a site on the antigen molecule. The fact that 
these reactive sites are comparatively small has important consequences. 
A large antigen such as a cell or even a molecule of protein has a number of 
such sites, not all of which are necessarily the same, indeed the contrary is 
the rule rather than the exception. Failure to recognize the diversity of 
stimuli represented even by chemically pure antigens has been responsible 
for much confusion in the past and probably still is. Immunogenicity is thus 
seen as a property of a whole molecule or cell, or at any rate of a substantial 
part of it, whereas specificity is determined by relatively small areas. 

In most instances all the essential properties of antigen are found 
together, though sometimes they become separated. This has led to the 
evolution of the concept of complete and incomplete antigens. The latter 
lack one or more of the properties of complete antigens and though the 
term has been used as a synonym for partial antigens and complex haptens 
(q.v.), we feel that the broader definition given here should be retained, 
including as it does all haptens and pro-antigens. 
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A. Haptens 


Haptens are substances that react serologically with antibodies but are 
unable to stimulate their production; they may be simple or complex 
Simple haptens are not precipitable by antibody but they will inhibit 
precipitation of a corresponding whole antigen or complex hapten. That 
portion of an antigen which actually combines with an antibody is known 
as a ‘determinant’ or ‘determinant group’, ‘group’ in this sense being 
intended to convey the idea of an arrangement of physicochemical forces 
which together form a determinant. It should be noted that a determinant 
group is not the same thing as a group of determinants. It will become 
clear in succeeding pages that a simple hapten consists of a single deter- 
minant group, or even part of a determinant, but also perhaps with enough 
of the antigen molecule attached to hold the structure of the determinant 
in its correct steric configuration. Complex haptens consist of portions of 
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Fig. 1.—Cryptantigens and pseudocryptantigens. After Uhlenbruck [2]. 


antigen molecules that retain two or more determinant groups; they are 
precipitable by antibody. The difference between simple and complex 
haptens is also expressed by the terms ‘univalent’ (unifunctional) and 
‘polyvalent’ (polyfunctional). According to one well-known theory 
precipitation should follow the formation of a lattice-like structure 
resulting from the interaction of polyvalent hapten and divalent antibody. 
Under these conditions univalent haptens would form complexes with only 
one antibody molecule and divalent haptens would form chains but not 
lattices. It is interesting to note, therefore, that it has recently been found 
that the two monosaccharides 3-O-methyl-p-fucose and 3-O-methyl-p- 
galactose behave like simple haptens at low concentrations, but are 
precipitable by antiserum at higher concentrations [1]. The precipitate is 
apparently immunologically specific since it obeys serological ‘rules’ in 
that the amount of precipitate is proportional to the hapten concentration, 
and decreases in the zone of ‘antigen’ excess. 
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Cryptantigens are chemical structures present but ‘unavailable’ in a 
native antigen because they are not terminal. © 

Pseudocryptantigens are also ‘unavailable’ in the native molecule, not 
because they are subterminal, but because they cannot react due to steric 
hindrance by other groups (Fig. 1) [2]. These last two concepts are also 
covered by the terms ‘hidden’ or ‘buried’ antigenic determinants. 


B. Partial Antigens 


Wilson and Miles [3] equate partial antigens with haptens, but in 
blood-group serology the term ‘partial antigen’ simply means part of a 
larger antigen from which it can be distinguished serologically, but not 
yet chemically. 


C. Pro-antigens 


The expression ‘pro-antigen’ is principally used in connexion with the 
hypersensitivity reactions of skin. It denotes all the low molecular weight 
substances that induce hypersensitivity and that acquire immunogenicity 
probably by combining with autologous protein in vivo. A great variety of 
such substances has been found, ranging from simple ions like iodine, 
mercury, and nickel, through still fairly simple compounds such as formal- 
dehyde, iodoform, mercaptan, picryl chloride, and dinitro chloro- 
benzene, up to more complex substances like resins and sterols. The 
simplest of them lack the inhibitory power of haptens but all of them 
possess one fundamental property of antigens, specificity, although the 
whole antigenic determinant is probably formed by the pro-antigen 
plus adjacent parts of autologous protein. The development of hyper- 
sensitive reactions to iodine in guinea-pig and man, presumably through 
coupling to autologous protein in vivo, is perhaps comparable to the 
iodination of protein in vitro, a situation in which the specificity of 
protein is also changed (p. 35). For some of these simplest substances 
there may be alternative explanations, i.e., idiosyncrasies due to defec- 
tive enzyme mechanisms in the host, or some other non-immunological 
cause. 

Finally, as pointed out by Wilson and Miles [3], it must not be forgotten 
that all the above definitions are artificial in the sense that there is in 
reality a gradual transition from complete antigens, with all the properties 
of antigen intact to the simplest pro-antigens, with only one property, 
specificity, left. 

_Somewhere in between is the minimal antigenic determinant—the 
simplest chemical structure with a configuration complementary to the 
combining site of antibody and which may comprise only a small part of 
an antigen molecule. 


II. ANTIGENICITY 


In spite of continued investigation over the years we are still not able to 
state unequivocally the indispensable properties that confer antigenicity 
on a substance. We can only list those properties that an antigen usually 


possesses, mention exceptions, and point out some of the unsolved 
problems. 
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A. Molecular Size 


‘Complete antigens are large organic molecules. Very large molecules, 
e.g., haemocyanin with a molecular weight of nearly 6? million, are highly 
antigenic. So too are viruses and organized structures such as intact 
bacteria and human and animal cells; but because of their complex 
structure they possess a great variety of different antigens that are situated 
in many different parts of the cell. Even macromolecules like the globular 
proteins have antigenic determinants both at the surface and within the 
depths of the molecular structure; but even if we consider only the surface 
it should not be supposed that the whole of it is concerned with determining 
specificity. 

The influence of size is suggested by the fact that non-antigenic or weakly 
antigenic substances can be made actively antigenic by adsorbing them to 
particulate substrates, e.g., bentonite, collodion, kaolin. Such particles 
sometimes enhance the antigenicity of even strong antigens, but their 
effect may be due only in part to an increase in size, or to other factors 
altogether (see ADJUVANTS, p. 149). Some proteins of low molecular weight 
are reputedly antigenic, e.g., ribonuclease (M.W. 13,683), insulin (M.W. 
c. 6000), and dinitrophenylated bacitracin A (M.W. 1928). This is all the 
more surprising in the case of the first two because they are substances 
widely distributed in nature and certainly in the case of a number of 
insulins derived from a variety of animal species it is known that they 
differ little in composition. However, such substances are almost in- 
variably injected with adjuvants or in a form likely to enhance immuno- 
genicity, and since we do not altogether understand the mechanism of 
enhancement some doubt must remain about their antigenicity. It is also 
usually impossible to rule out the possibility that they form complexes with 
autologous protein in vivo. 

Early attempts to shed light on the nature of antigenicity were naturally 
directed towards proteins that could be obtained in relatively pure form 
and that were reasonably well characterized chemically. Protamines and 
gelatin fall into this category and display a number of features of interest. 

Clupein is a protamine obtained from herring sperm and is the protein 
part of its nucleoprotein. Little more than a large polypeptide, though still 
twice the size of bacitracin A, it is strongly basic, consisting mainly of the 
basic diamino-acids arginine and lysine. It is not antigenic by itself but can 
be made so very simply by coupling it to phenylisocyanide. Antisera to 
conjugated clupein react with the unconjugated protamine or with 
phenylisocyanide conjugated to another protein carrier. Phenylisocyanide 
thus confers antigenicity on clupein and does not necessarily form part of 
the determinant. The acquisition of antigenicity is not due to an increase 
in molecular weight since this is raised by only five hundred up to four 
thousand five hundred; but it may be due to the introduction of an 
aromatic ring structure into the molecule. The complete structure of 
clupein has now been determined and it should be possible in any future 
studies to correlate immunological findings with structure. 

Since an increase in molecular size did not seem to be a likely explana- 
tion of the antigenicity of conjugated clupein, it was reasonable to assume 
that the deficiency supplied by phenylisocyanide was its ring structure. But 
against this it was found that it was not possible to make gelatin, a protein 
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that also contains very little in the way of aromatic amino-acids, antigenic 
by conjugation with phenylisocyanide. Then again, albumin, normally 
antigenic, is rendered non-antigenic by alkali denaturation, although it 
still retains its quota of aromatic amino-acids such as tyrosine. Other 
protamines (M.W. 5000-8000) which like clupein are devoid of tyrosine 
and tryptophane are also not antigenic. This has usually been put down 
to their low molecular weight, but it might equally be due to their essen- 
tially basic reaction, and the importance of acid radicals will be discussed 
under the heading of SPECIFICITY (p. 29). 4 aaah 

The problem of the lack of antigenicity of gelatin is still not solved. A 
denatured protein and derived from collagen, gelatin contains only small 
amounts of the aromatic amino-acids phenylalanine and histidine, and 
little or no tyrosine. Again, it was thought originally that this paucity of 
aromatic residues was responsible for the lack of antigenicity, strengthened 
by the fact that the introduction of additional tyrosine conferred anti- 
genicity on gelatin. However, as we have seen, phenylisocyanide is not 
effective in this respect so that the lack of aromatic amino-acids as such is 
not likely to be the cause. Among other suggestions that have been put 
forward are that gelatin is too rapidly excreted and that it does not possess 
a sufficiently rigid structure. Many good antigens, however, are quickly 
excreted and yet enough must remain to provide an antigenic stimulus. 
On the other hand, it has long been thought that rigidity of structure 
plays an important part in determining antigenicity, and recently support 
for this outlook has come from the finding that polycyclohexanylalanyl 
coupled to gelatin renders it antigenic [4]. Collagen is antigenic even if 
gelatin is not, and antibodies to it which appear in certain auto-immune 
diseases also react with gelatin. In fact it is now considered that gelatin 
itself is weakly antigenic, but this does not alter the basic proposition that 
collagen and gelatin differ markedly in antigenicity. It is this difference 
which remains something of a puzzle. 


B. Chemical Structure 


Nevertheless, there does not seem to be any generally valid correlation 
between the rigidity of particular areas on the surface of antigen molecules 
or of the presence of aromatic amino-acids in them, on the one hand, and 
antigenicity, on the other, although both are important in certain cases. 
However, the concept of immunological tolerance has made possible a new 
approach to the problem of antigenicity [5]. If it is assumed that every 
healthy animal possesses an acquired immunological tolerance to autologous 
macromolecules, antigenicity can be related to the chemical differences 
between these molecules and antigens. “A ‘bad’ antigen is then a substance 
which differs only slightly from the autologous molecules, whereas a 
‘good’ antigen differs very greatly. These assumptions and a knowledge 
of the species specificity of serum proteins (q.v.) can be used to explain the 
results of experiments in which animals of one species are immunized with 
sera from closely or distantly related species. If, for instance, a rabbit is 
immunized with the serum of another rodent, a mouse, antibodies that are 
specific for mouse serum will be produced; but if a rabbit is immunized 
with chicken serum, it will produce antibodies that fail to distinguish 
chicken serum from the serum of any other bird. In the first case a rabbit 
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would produce antibodies directed against those few amino-acid sequences 
which are different in the two rodents, whereas in the second case it would 
produce antibodies directed against the many determinants or amino-acid 
sequences that are shared by all birds but are absent in mammals. The valid- 
ity of such an interpretation was elegantly confirmed by showing that a 
rabbit made tolerant to hen antigen would subsequently produce anti- 
body specific for turkey antigen [6]. The implication is that the rabbit 
is rendered tolerant to all those antigens present in chicken serum which 
distinguish avian species from mammalian species, so that only those 
antigens which distinguish turkey from chicken give rise to the production 
of antibody. 

The experimental evidence quoted above illustrates differences in 
‘perspective’ that are related to the taxonomical position of the immunized 
animal vis-d-vis the donor of antigen. In general a close relationship is 
necessary in order that small differences in structure should be detectable; 
but this is not always so and the occasional rabbit antiserum will detect as 
fine a distinction of antigenic structure in human globulin as the more 
general run of monkey antisera. 

The recent availability of synthetic amino-acid polymers has made yet 
another approach to the problems of antigenicity possible. In contrast to 
older ideas on the subject Maurer points out that too high a negative 
charge on the molecule may even prevent an antigen from exercising 
antigenicity, and that the role of molecular weight is also minor [7, 8]. In 
accordance with current ideas on these matters, Maurer stresses the 
importance of a number of other factors. Foremost among these is the 
capacity of the immunological mechanism itself, which in turn depends 
principally on the genetic constitution of the host, and to a lesser degree on 
the host’s previous immunological experience. 

The genetic constitution of the individual assumes even greater signifi- 
cance than might be predicted by considerations of immunological 
tolerance (see Chapter 4) when it is appreciated, as Maurer has shown, 
that synthetic polymers are antigenic in some strains of animal and not in 
others. One of the mechanisms through which an antigen might act 
could well be the capacity of the host to metabolize the antigen, with 
antibody production being directed mainly against those areas of the 
antigen molecule that are accessible to the action of hydrolytic enzymes. 
This would also explain the ‘unmasking’ of ‘hidden’ determinants; a 
modern concept dealing more particularly with specificity, though anti- 
genicity could well operate at this level too. Even if the postulate 1s 
inverted and antibody production held to precede catabolism the relevance 
of genetic constitution is not thereby lessened. eed 

Another factor more certainly applicable to antigenicity is diversity of 
structure. Artificially produced homopolymers of amino-acids are not 
antigenic in themselves, though they can be made so by coupling them to 
proteins, and rather more unexpectedly to small haptens, like 2,4-dinitro- 
aniline, indicating that it is not simply high molecular weight that confers 
antigenicity on proteins. The importance of diversity of structure Is also 
suggested by the observation that co-polymers, e.g., of glutamic acid (G) 
and alanine (A), are antigenic even when the polymer is composed of 
as few as 20 units, ie., smaller than clupein and about the size of 
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bacitracin A [9]. Co-polymers in the proportions GgoA4o and GyjAgy are 
better antigens than GgyAy) or G7sA25, which suggests that, rather than 
relative proportions of G and A, it is again diversity of structure that 1s 
important. 7, 

Interesting and suggestive though these results are, it is possible that the 
immunogenicity of low molecular weight synthetic polyamino-acids may 
be due in some cases to their contamination with high molecular weight 
polymers of the same substance. Such a criticism probably does not 
apply in cases where diversity of structure has deliberately been introduced 
as in the following: to a non-antigenic poly-L-lysine chain short co-polymers 
of tyrosine and glutamic acid are added. The resulting branched polymers 
are now antigenic. If monomers of say 20 D,L-alanine residues are then 
added to the short side-chains the polymer again becomes non-antigenic, 
probably because the tyrosine-glutamic acid peptides are now masked. If 
the experiment is repeated in a different order so that alanine monomers are 
first added to a polylysine backbone to yield a branched structure, the 
molecule is again non-antigenic, even though molecular weights of 
20,000-200,000 can be achieved. The addition of tyrosine and glutamic 
acid to this structure will again result in an antigenic molecule, even when 
the chemical content of the final molecules in the first and second experi- 
ments is identical. The presumption is that the difference is due to the 
presence of the tyrosine-glutamic acid peptides in the interior or on the 
exterior of the molecule, and illustrates the importance of structure as 
well as of composition. The importance of the latter is indicated by the 
fact that the addition of glutamic acid alone will not confer antigenicity, 
whereas it will enhance the antigenicity conferred by tyrosine. 

It is of considerable interest too that if tyrosine-glutamic acid co- 
polymers are again masked by monomeric D,L-alanine, as in the first 
experiment, but this time the co-polymers are attached to a backbone 
consisting of a lysine-alanine co-polymer, we once more get an antigenic 
substance. A likely explanation would seem to be that because the side- 
chains are attached to alternate amino-acid residues they are spaced 
sufficiently widely apart for the tyrosine-glutamic acid structures to be 
sterically accessible—another illustration of the importance of structure. 


C. Chemical Composition 


Both animal and vegetable proteins stimulate the production of anti- 
bodies and it was once thought that only proteins were antigenic. Mostly 
they make very good antigens. It is now appreciated that carbohydrates 
certainly and lipids possibly are antigenic, but they are both more con- 
cerned in specificity and will be discussed under that heading. 

The amino-acid spectrum of many proteins has been investigated and it 
has been shown that several non-aromatic amino-acids are inessential for 
antigenicity. 

As we have seen, treatment of albumin with alkalis destroys its anti- 
genicity, but can be restored by nitration of the denatured protein. There 
are indeed several instances of the acquisition of antigenicity following small 
changes or additions to chemical substances, or the combination of two non- 
Immunogenic substances. Clupein and phenylisocyanide are a case in 
point, and a more recent example is penicillin combined with polylysine. 
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A prerequisite for immunogenicity that is often quoted is that a sub- 
stance should be ‘foreign’ to the animal producing antibody, but this rule 
has many exceptions. For instance, insulin of foreign species is a poor 
antigen and this also applies to other substances that perform the same 
function in different species and which therefore might be expected to have 
similar structures. The chemical structures of insulins from a number of 
species are now known and show only very slight differences in amino-acid 
composition. The concept of ‘foreign’, as indicated under CHEMICAL 
STRUCTURE, must be used to convey the sense of difference in structure of 
substances in donor and recipient, invader and host, but also in the sense of 
‘foreign’ to the immunological apparatus, a view that is further developed 
in Chapters 4 and 12. 

We may perhaps conclude that the role of size in antigenicity has not 
been proved; that diversity, rigidity of structure, and possibly capacity to 
be metabolized are important. Some of these attributes are certainly 
more likely to be found in large molecules than in small ones. After these 
criteria have been fulfilled a protein antigen must still differ from host 
protein in amino-acid composition or sequence, or in spatial configuration 
in order to stimulate an immunological response, i.e., be foreign. 


III. SPECIFICITY 


Specificity depends on antigens and antibodies having structures that 
are complementary to each other. The majority of natural antigens are 
macromolecules and as such their specificity in serological reactions is due 
to one or more determinants on the surface of a molecule. These deter- 
minants are structures which display a high degree of chemical and spatial 
correspondence with structures forming part of the antibody molecule. 
How this correspondence comes about and what forces are active in 
bringing about the interaction of antigen and antibody will be discussed in 
Chapter 6. 


A. Protein Antigens 


The concept of specificity has always excited the curiosity of immuno- 
logists. Why are serological reactions so specific, and why sometimes are 
they not as specific as we would expect? Can specificity be altered and 
what happens if it is? Such understanding as we now have of the remark- 
able degree of specificity displayed by protein antigens has been achieved 
by approaching the problem from two quite different directions. 

Historically the first approach was to introduce substances of defined 
chemical composition into protein molecules and observe their capacity 
to influence or determine specificity. These were the methods used by 
Landsteiner and it was he who placed immunology on a sound chemical 
basis. The second approach was of much more recent origin and had to 
await the development of refined techniques of chemical analysis. This 
work is still in its infancy and our knowledge of the detailed composition of 
proteins is still fragmentary, though that of a number of proteins 1s now 
fully known. It is to be expected, therefore, that knowledge of the chemical 
structure of antigenic determinants will soon follow. 
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1. SPECIFICITY OF NATURAL PROTEINS 

The earliest studies on specificity were conducted mostly with mixtures 
of naturally occurring proteins. Bacterial and animal cells, body fluids, 
plant cells, and juices all contain a heterogeneous collection of antigenic 
material. The bacterial cell, for instance, may contain flagellar, somatic, 
and capsular antigens, and there will be more than one antigen at all or 
some of these loci. An antiserum prepared against the whole bacterial cell 
will therefore contain antibodies directed at several antigens, and when 
mixed with antiserum the bacterial cell will react with several kinds of 
antibody. Some of the determinant groups present on these antigens may 
be the same as, or very similar to, determinant groups on related bacteria. 
The related bacteria will then also react with the antiserum. Sucha reaction 
is termed a cross-reaction. If a bacterium 1, containing antigens A and B, 
is used for immunization, the corresponding antibodies anti-A and anti-B 
will be produced. If a bacterium 2, containing antigens B and C, is mixed 
with the antiserum to bacterium 1 it will react with anti-B. The bacterial 
cells can be separated from the antiserum by centrifugation, anti-B will 
remain attached to them and the supernatant fluid will contain only 
anti-A. This process is known as absorbing out an antibody.* The 
resulting absorbed antiserum will now react specifically with bacterium 1, 
but not with bacterium 2. Wide use is made of this principle in the 
preparation of mono-specific antisera. If instead of identical B antigen 
components we postulate that bacteria 1 and 2 contain similar com- 
ponents B, and B, respectively, then an antiserum to B, will react with its 
homologous antigen at a higher dilution than with heterologous antigen B,. 

The principle of cross-reactions is an important one in immunology. 
Antibodies to protein antigens can nearly always be shown to cross-react 
with some heterologous proteins. Sometimes at least this is because part 
of the amino-acid sequences of different macromolecules is identical. 
Antibodies to simple haptens can display a much sharper specificity; for 
instance, antiserum to 3-aminobenzoic acid fails to react with a number of 
similar determinants (Table V, p. 40). 

Sometimes cross-reactions are quantitatively reciprocal, and equal 
amounts of antibody are found in precipitates with homologous and 
heterologous protein [10]. That this is not always so is shown in Table VII, 
p. 41, where it can be seen that an antiserum to 2-aminobenzoic acid 
reacts strongly with 2-aminobenzenesulphonic acid, while the reciprocal 
cross-reaction is non-existent. The whole subject of cross-reactions is 
dealt with under a separate heading in Chapter 6; here we are concerned 
only to show how specificity can be expressed as a non-reciprocal cross- 
reaction. This kind of situation is illustrated diagrammatically in Fig. 2 
where antibody A can be seen to ‘fit’ antigen B, though less well than 
homologous antigen A, but antibody B is unable to form any sort of 
fit” with antigen A. It is important to recognize that the issue of cross- 
reactions is only clear-cut when single determinants or simple haptens are 


eee 
* The physicochemical process by which antibody is joi i i 
joined to antigen is probabl 
correctly described by adsorption. In serology where this mechanism is aan te of in 


order to remove an antibody from a mixture of antibodies we shall use the term 
absorption. 
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under consideration. In the bacterial cell we have seen that the several 
determinants may be found on different organisms; the same is true of 
mammalian cells and the concept has been expressed in the terms ‘ antigenic 
mosaic’ and ‘mosaic structure’ (see PARTIAL ANTIGENS, p. 24). 
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Fig. 2.—Reactions of homologous and heterologous antigen—antibody systems. 
1, Homologous system A. 2, Homologous system B. 3, Heterologous system. 
Antigen A will not ‘fit’ antibody B. 4, Heterologous system. Antigen B will 
form partial ‘fit’ with antibody A. 


2. SPECIES SPECIFICITY 


From the taxonomical point of view three kinds of antigen and antibody 
are distinguishable. 

A hetero-antigen is an antigen derived from a species other than that of 
the immunized animal. It stimulates the production of homologous 
hetero-antibody that may also react with antigens from animals of the 
same species (iso-antigens), or even with antigens from the immunized 
animal itself (auto-antigens). 

An iso-antigen is an antigen that elicits the production of iso-antibodies 
in an individual of the same species that differs genetically from the donor. 
Rarely, an iso-antibody may also react as an auto-antibody with the 
animal’s own tissues, or even as a hetero-antibody with antigens from a 
foreign species, e.g., thyroid antigen. 

An auto-antigen is an antigen derived from the unaltered or slightly 
altered tissues of an animal that stimulates the production of antibodies 
against its own tissues. Exceptionally such an auto-antibody will also 
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react with iso- and hetero-antigens. In transplantation immunology and 
more generally the prefix iso- is used in a different sense (see Chapter 10). 

It has long been observed that natural proteins, such as serum proteins, 
exhibit species specificity. This specificity is not absolute, but encroaches 
on taxonomically related species (Table J). 


Table I.—CROSS-PRECIPITATIONS WITH PRIMATE SERA. 
After Landsteiner [11] 


Per cent 
Man 100 
Orang-utan 47 
Cynocephalus mormon 30 
Cercopithecus petaurista 30 
Ateles vellarosus a2 


Percentages in the table relate to the volume of precipitate obtained. 
All the reactions were performed with antiserum against human serum 
and 100 per cent has been assigned to the volume of precipitate obtained 
with human serum. The strength of the precipitin reaction decreases in 
the order Anthropoid apes, Old World apes, New World apes, which 
corresponds to their supposed zoological relationship with man. In a 
similar way Landsteiner [11] showed that anti-hen-ovalbumin gave a 
larger precipitate with galliform than with anseriform ovalbumin, again 
corresponding to zoological relationships. 

As in so many other fields of immunology, the pioneer work of 
Landsteiner has been confirmed and extended. Currently much interest is 
being devoted to the immunological relationships between man and other 
primates. Much valuable information about the biochemical aspects of 


Table IT.—PRECIPITATION OF VARIOUS NATIVE AND HEATED SERA BY AN 
IMMUNE SERUM TO HEATED (100° C.) Ox SERUM. After Furth [13]. 
Antigens diluted 1: 1000 





WHOLE SERUM ANTIGEN 


Ox Sheep | Horse | Man | Rabbit | Guinea-pig 


Heated 3h SP ae act as am ete a5 


—: No precipitation. + to +++: Degrees of precipitation. 


evolution, complementing previous taxonomical knowledge, has been 
obtained by comparing immunological reactions of both soluble and 
cellular antigens derived from such sources [12]. It has been pointed out, 
however, that similarities in each kind of parameter (physical characters, 
serum proteins, red-cell antigens, etc.) between other primates and man 
vary according to the yardstick of comparison chosen, and this is probably 
true of all taxonomical comparisons. Also it should not be forgotten that 
similarities in structure occur throughout the vegetable and animal 


kingdoms, of which the Forssman antigen is among the best known and 
earliest examples. 
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Much broader specificities than those described above have been 
obtained when denatured serum proteins are used as antigens. In the case 
of heated (100° C.) mammalian serum proteins an antiserum reacts with 
heated serum from a wide range of mammalian species [13], the so-called 
“mammalian reaction’, including even heated serum from the species in 
which the antiserum was raised. Cross-reactions between such an anti- 


serum and native (unheated) whole-serum antigen range far less widely 
(Table I). 


3. ORGAN SPECIFICITY 


Differences in function are generally linked with differences in structure, 
so it is not altogether surprising to find that serum albumins and globulins 
of the same species are serologically more distinct than serum albumins of 
related species. In fact albumin from species as distinct as ox and man are 
not all that different serologically, though they can, of course, be distin- 
guished. Similarly different organs from the same animal have different 
structures and are serologically distinct. This is one expression of organ 
specificity but it goes farther than this. As indicated above, the same 
organs in animals of one species or of different species may carry the same 
specificities. This is likely to be particularly true in the case of organs that 
have undergone relatively little change in the course of evolution. Such an 
organ might be the lens of the eye, but the question then arises how can we 
raise antibodies to ‘antigens’ that are virtually the same in all animals? 
In this particular instance the peculiar isolation of the organ from the 
blood-stream comes to our aid, for tissues so isolated often behave as 
though they were ‘foreign’, even in the host animal. 

In fact antisera prepared against lens proteins often fail to distinguish 
between species, although a very broad division into classes or groups of 
classes is possible. For instance, antisera to ocular lenses of sheep, pig, and 
chicken cross-react with all three antigens in spite of the great phylogenetic 
differences between birds and mammals (Table JJ). The strengths of the 


Table III.—CROSS-PRECIPITATIONS BETWEEN VARIOUS EYE-LENS ANTIGENS. 
After Landsteiner [11] 


ANTISERA ANTIGENS DILUTED | : 40,000 
08 ee 
AGAINST | Sheep Lens} Pig Lens | Hen Lens | Fish Lens 


Sheep lens +++ ae SSE + — 
Pig lens = Bi i re =e as = 
Hen lens ++ ‘eas 5 pao Bie o = 
Fish lens _ = ae fae TPP sear 





reactions, particularly of the more distantly related species, do, however, 
vary and antisera to mammalian and avian lens proteins fail to react at all 
with fish lens, though the reverse situation does not quite hold, since there 


is some reaction between anti-fish and hen lens. 
In the case of lens antigens then we have the situation where organ 


specificity dominates species specificity. Even so, modern serological 
2 
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techniques can demonstrate quite definite differences between mammalian 
species: of the eight antigens found in bovine lens, three are present in 
sheep, two in pig, and only one in horse and human lenses [14, 15]. In 
addition, five antigens of rabbit lens have been compared with lens 
antigens from a number of other vertebrates: four or five being common 
to man, monkey, guinea-pig, and rat; two shared with fowls; and only 
one with the single salt-water fish tested [16]. 

We have already noted that unicellular organisms like bacteria possess 
a number of antigens. Even more must this be so of multicellular organs. 
It is to be expected that not all the antigens display organ specificity, but 
of those that do the species specificity is also likely to vary. Antisera to 
thyroid antigens detect two kinds of antigen in this respect. One of these 
antigens displays organ specificity but is also found in thyroid extracts of 
other individuals of the same species, i.e., it is organ specific and species 
specific; the second antigen is much more widely distributed among 
different species, i.e., is organ specific but not species specific. 

Similar studies have been conducted with partly purified extracts of 
adrenal medulla that contain at least three such antigens [17]. One is 
again organ and species specific; another is organ but not species specific; 
but the third, though showing a high degree of species specificity, is not 
organ specific, being found in spleen, liver, kidney, etc., as well as adrenals. 
There would appear to be minor antigenic differences, however, in the 
category of antigens that are not species restricted; differences that can be 
detected by employing antisera to adrenal tissue from horse, pig, ox, and 
man, and a number of different serological reactions. 

It is axiomatic that only those antigens normally well separated from the 
blood-stream stimulate the formation of antibodies in the autologous host. 
Such antigens are the lens of the eye and spermatozoa, and less obviously 
brain tissue and thyroglobulin. They are particularly suitable for studies 
of organ specificity so long as account is taken of the multiplicity of 
antigens in each organ. Nevertheless, somewhat unexpected results, quite 
different from those obtained with thyroid and adrenal antigens, have been 
observed with extracts of rabbit pancreas [18]. 

Immunization of a rabbit with the pancreatic extract from another 
rabbit resulted in the production of antibody that did not react with the 
recipient’s own pancreas, but did with some, though not all, pancreatic 
extracts of other rabbits. Antisera prepared against extracts of single 
organs also reacted with pooled extracts. In other words, these antigens 
behaved more like histocompatibility antigens or the antigens of red 
blood-cells and immune globulins that express individual characteristics 
rather than organ or species differences. 

Such results also provide confirmation of the opening statements in this 
section in the sense that very small differences in the structure of substances 
that perform the same physiological function are reflected in differences in 
immunological specificity. This concept is of fairly recent origin when 
applied at the molecular and subcellular levels but is now widely accepted, 
has opened up a vast field of exploration in the realms of molecular biology, 
and is also relevant to transplantation of organs. 
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4. CHEMICALLY ALTERED PROTEINS 


Chemical treatment of proteins may produce a partial or total loss of 
specificity, or it may create new and sharply defined specificities. It may 
result in disruption of disulphide and other bonds leading eventually to a 
total loss of secondary and tertiary structure in the protein molecule. 
Alternatively, the protein may be denatured in the manner effected by 
physical agents such as heat, with the formation of new bonds leading to a 
loss of the molecule’s hydrophilic qualities so that it precipitates out of 
solution and even coagulates. Both processes are reversible in the early 
stages, but beyond this point a protein begins to lose its species specificity, 
and an antiserum prepared against such a protein, e.g., heat denatured, 
also reacts with other heated proteins (see MAMMALIAN REACTION, p. 33). 
With lesser degrees of alteration new specificities arise which may never- 
theless be species specific, though there is a concomitant loss of specificities 
of the native protein. The effect of chemical denaturation is probably much 
the same, but it is the effect of chemical treatment and alteration falling far 
short of denaturation that is of so much interest to immunologists, since it 
has led to an understanding of the nature and scope of specificity in 
immunological reactions. 


Nitration and Iodination 


Nitration and iodination were among the first methods to be used for 
introducing defined chemical groupings into proteins and observing the 
effect on specificity. The process is not one of denaturation but simply the 
substitution of hydrogen by new chemical groupings, leading to a partial 
or total loss of species specificity in the treated protein, depending on how 
far the reaction is allowed to proceed. Landsteiner was of the opinion that 
although characteristic groupings in the proteins had been altered by 
nitration and iodination, the new chemospecificity was also due to a 
masking of native chemical structures. It is indeed a remarkable fact that 
an antiserum to one such protein also reacts with proteins similarly 
treated but derived from other species of animals, even though the basic 
structural differences between the various proteins have not been altered. 
Rabbits can even be immunized against their own nitrated serum proteins, 
and an antiserum to animal xanthoprotein (nitrated proteins are so called 
because of their yellow colour) cross-reacts with plant xanthoprotein. 
This is not to say that antibodies formed against such proteins are directed 
solely towards the introduced groups. In the case of nitration, nitrotyrosine 
and nitrotryptophane are formed, and in iodoproteins the formation of 
3,5-di-iodo-4-hydroxytyrosine appears to be of chief importance. It iS 
these altered residues that determine the new specificities, and it is evidence 
such as this that has led to an appreciation of the considerable part played 
by aromatic amino-acids in determining specificity. 

Nevertheless, antibodies of several different specificities can result from 
immunization with iodinated proteins. Protein containing small amounts 
of iodine, perhaps up to 18 atoms per globulin molecule, behaves as 
unchanged protein, i.e., it stimulates the formation of anti-native protein 
antibody only. As soon as all the tyrosine residues are saturated antibodies 
are formed against iodinated protein only. In between these two extremes 
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antibodies against both native protein and iodinated protein are produced. 
It is from evidence of this sort that the diversity of antigenic stimulus 
provided by a single kind of protein molecule came to be recognized. Nor 
should it be forgotten that animals are subject to individual variation in 
the way they respond to identical stimuli. Thus antibodies to iodinated 
protein may be species specific, may react with all iodoproteins, or with 
those of a limited number of species. 


5. CONJUGATED PROTEINS 


Landsteiner made many notable contributions to immunology, but 
none was greater than his demonstration, over the years, of the chemical 
basis of serological specificity. We have already considered the effect 
of iodination and nitration on specificity; treatment of proteins 
with alkalis and acids also leads to loss of original specificity and 
ultimately to loss of antigenicity as well, even before the size of the mole- 
cule is greatly diminished. These were merely beginnings, however, and 
Landsteiner went on to study the effect of altering the fine structure of 
proteins on specificity. For this purpose he used the method of diazotiza- 
tion for coupling aromatic amines to proteins. The system provided him 
with an immensely flexible approach for making relatively minor altera- 
tions in the composition of proteins, and since the highly reactive ring 
structure can accommodate an almost limitless range of chemical sub- 
stituents attached to various carbon atoms, he was able to study the effect 
on specificity not only of precise changes in chemical composition but also 
of chemical configuration. 

The steps involved in coupling atoxyl to a protein (through a tyrosine 
residue) are set out diagrammatically in Fig. 3. Substances so formed are 
known as conjugated proteins or azoproteins. 

Landsteiner conjugated those substances he wished to investigate to 
proteins simply because proteins make excellent antigens; and on the 
advice of Doerr he used the precipitation reaction to test the effect of 
conjugation on serological specificity. Similar results could no doubt have 
been obtained using complement fixation or any other serological test, but 
precipitin tests are simple to perform and give results that are just as 
clear-cut. Diazotization is not the only way in which defined chemical 
groupings can be conjugated to proteins; essentially similar results have 
been obtained with other methods. Conjugation through sulphydryl 
groups is particularly appropriate for proteins like keratin which contain 
many disulphide bridges that can be reduced to sulphydryl groups. It is 
also possible to conjugate to protein by peptide bridges and this method 
has been considered more ‘natural’ and causes little or no denaturation. 

When azoproteins are used for immunization the resulting antiserum 
may contain antibodies directed at three types of determinants: (1) those 
associated with the protein carrier only; (2) those associated with the 
introduced group only; and (3) those formed from both carrier and 
conjugate. All three possibilities are not equally likely because the 
specificity of an antibody is not usually directed against the introduced 
group only but also against adjacent parts of the protein, though this may 
well be due In part at least to the fact that usually small haptens are used 
for conjugation experiments and that they do not occupy the whole of the 
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available space in an antibody-combining site. The existence of all three 
types of determinant and of antibodies directed specifically towards them 
is clearly shown following immunization with polypeptidyl proteins 
(peptides linked through peptide bonds to protein). Absorption of such 
an antiserum successively with the peptide and the protein leaves the 
antiserum still capable of precipitating the conjugated protein. Nor is this 
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Fig. 3.—Diazotization. After Carpenter [19]. 


type of response confined to antibody production; studies undertaken 
with delayed hypersensitivity also suggest that the whole determinant may 
consist of one or more amino-acid residues in addition to an introduced 
haptenic group [20]. om. 
There are, of course, many reasons for heterogeneity of specificity 
displayed by antibodies even when they are directed against small haptens. 
One of these is that a hapten can have different points of attachment 
either on the same or different molecules of protein. Diazotization normally 
results in the coupling of diazonium compounds to tyrosine and histidine, 
each residue accommodating one or two compounds (see Fig. 3). These 
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are not the only residues involved, however, because more molecules of 
hapten can be introduced into a molecule of protein than can be accounted 
for by all the tyrosine and histidine residues together. The possibility 
therefore exists that there is a real heterogeneity of antigenic determinants 
in azoproteins since, although the haptens are identical, their environment, 
i.e., point of attachment, is not. The introduction of about ten azo-groups 
per molecule of protein is usually considered optimal for the production 
of a highly specific antiserum. Even under these conditions we are still 
faced with the possibility that antibody specificity will be directed at more 
than one of the three types of determinant mentioned above. Landsteiner 
was therefore careful to point out that it must not be assumed that every 
laboratory animal will produce antibodies of the required specificity [11]. 

The question remains, To what extent do introduced haptens alter the 
specificity of proteins and how far are they distinguishable from each other ? 
Obviously if antibody specificity is directed towards the protein carrier as 
well as the diazonium compound this will obscure the interpretation of any 
precipitin tests carried out with the antiserum and immunizing azoprotein. 
Landsteiner solved this problem very elegantly by using horse-serum 
protein as the carrier for immunization, and chicken-serum protein as the 
carrier for precipitation. In this way he virtually eliminated the possibility 
of reactions due to the protein moiety because of the great distance, 
taxonomically speaking, between mammalian and avian species. Any 
precipitation observed in the in vitro tests could therefore be attributed to 
the introduced hapten and its homologous antibody. The principle 
formulated by Landsteiner therefore was to use two distantly related 
proteins for the separate procedures of immunization and precipitation. 
The single exception to this rule would be if the protein carrier was derived 
from the same species as the immunized animal since such proteins would 
form a poor immunological stimulus. 

Experiments of this sort suggested to Landsteiner that his introduced 
groups were acting as determinants. In order to confirm these findings he 
applied an old technique in a new way. In the presence of a large excess of 
antigen a mixture of antigen and antibody does not precipitate. Instead of 
antigen Landsteiner used a large excess of hapten and, as expected, no 
precipitate was formed with the immune serum. To this mixture was then 
added an amount of hapten-protein conjugate that would have given a 
precipitate without the previous addition of hapten. Once again no 
precipitate was formed. In this way Landsteiner showed that even though 
a simple hapten was not precipitated it nevertheless combined with anti- 
body and prevented precipitation of the complete antigen. Although there 
is probably no strict analogy between the inhibition of precipitation seen 
in the zone of antigen excess and precipitin-inhibition by hapten, an excess 
of hapten may nevertheless be necessary in the latter case if its binding 
affinity for antibody is less than that of whole antigen. 

Since its introduction by Landsteiner the precipitin-inhibition test has 
been widely used in different fields and with different techniques. In 
recent years particular use has been made of it for elucidating the structure 
of proteins and carbohydrate determinants. Examples will be found in 


later sections dealing with bacterial antigens, blood-group substances, and 
immunoglobulins. 
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a. Influence of Acid Radicals 


‘Landsteiner immunized rabbits with azoproteins coupled to aniline or 
to one of a number of acid derivatives of aniline. In Table IV can be seen 
the results of cross-precipitation tests with these haptens. The acid 
radicals, although they are all in the para position, confer an absolute 


Table IV.—ACTION OF STRONG ACID RADICALS ON THE SPECIFICITY OF 
AZOPROTEINS. After Landsteiner [11] 


AZOPROTEINS COUPLED WITH 


4-Aminobenzoic | 4-Aminobenzene | 4-Aminobenzene 


Aniline : : : : . 
ANTISERUM acid sulphonic acid |__ arsonic acid 


AGAINST 
AZOPROTEIN NH, NH, NH, NH, 
COUPLED WITH 
THE HAPTEN 


Aniline +++ es = = 

4-Aminobenzoic _ Set a ey 
acid 

4-Aminobenzene - - +444 i 
sulphonic acid =; 

4-Aminobenzene - - _ pais yee 
arsonic acid 





degree of specificity on the antisera, i.e., there are no cross-reactions, 
either between them or with aniline. It follows that the chemical composi- 
tion of acid radicals is of decisive influence on the specificity. The absence 
of any reaction between the derived haptens and aniline illustrates a 
general rule that antisera to azoproteins which contain acidic groups give 
negative, or occasionally very weak, reactions with ‘neutral’ antigens. 


b. Influence of Neutral Radicals 


The influence of methyl, halogen, and other non-acid substituents is 
often only slight. In Table V is shown the effect of substituting methyl, 
chlorine, and bromine radicals in the para position in 3-aminobenzoic acid. 

i. The antiserum to the chlorine-substituted hapten cross-reacts strongly 
with the other three haptens, though there is a faint suggestion of halogen 
specificity. 

ii. The antisera to the methyl and bromine substituted haptens, in 
addition to homologous specificity, cross-react with the other two sub- 
stituted haptens. They do not cross-react with aminobenzoic acid, 
however, which shows that the introduction of neutral radicals does alter 
the specificity of a hapten, but that the chemical composition of the radical 
itself confers relatively little specificity. In the case of antiserum to 
3-amino-4-bromobenzoic acid the cross-reaction with 3-amino-4-chloro- 
benzoic acid is stronger than the reaction with the homologous hapten. 
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Cross-reactions that are stronger than reactions with the homologous 
substance are not restricted to conjugated chemically defined antigens but 
have also been found in natural antigens. 


Table V.—INFLUENCE OF HALOGEN AND METHYL RADICALS ON THE 
SPECIFICITY OF AZOPROTEINS SUBSTITUTED IN THE BENZOL RING. 
After Landsteiner [11] 


AZOPROTEINS COUPLED WITH 


3-Amino- 3-Amino-4- 3-Amino-4- 3-Amino-4- 
benzoic acid | methylbenzoic | chlorobenzoic | bromobenzoic 
ANTISERUM AGAINST acid acid acid acid 
AZOPROTEIN 
COUPLED WITH THE COOH COOH COOH COOH 
HAPTEN 
NH, NH; NH, NH, 
CE. Cl Br 
3-Aminobenzoic “=P = — 
acid 
3-Amino-4-methyl- _ ++ = = 25 
benzoic acid a 
3-Amino-4-chloro- AML 7 Da Ba Ba lie ra tle SF 
benzoic acid 
3-Amino-4-bromo- _ + +++ os 
benzoic acid = 





Table VI.—ACTION OF CHLORO-, METHYL-, AND NITRO-GROUPS ON THE 
SPECIFICITY OF ANILINE AZOPROTEINS. After Landsteiner [11] 





AZOPROTEINS COUPLED WITH 


ANTISERUM Aniline 2-Chloro- | 4-Chloro- | 4-Methyl- | 4-Nitro- 





Tate: aniline aniline aniline aniline 
AZOPROTEIN NH, NH, NH, 
COUPLED WITH NH, NH 

THE HAPTEN : ‘ 

Cl 
Cl CH; NO, 

Aniline +++ + 
2-Chloroaniline sei pier “A i ‘ Ea T i 
4-Chloroaniline 4 Trace + + = aks 
4-Methylaniline ++ _ eas ree it 
4-Nitroaniline - + ++ % i 2 





iii. The antiserum to aminobenzoic acid react i 

| s only with the homologous 
envaed and confirms that the addition of a neutral radical to ee 
which already carry neutral and acid radicals alters specificity markedly. 
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Though the antiserum to aminobenzoic acid does not cross-react with 
3-amino-4-chlorobenzoic acid, antiserum to the latter does cross-react 
with aminobenzoic acid. This is a clear-cut example of a non-reciprocal 
cross-reaction. 

In Table VI the effect of substituting neutral radicals in aniline is seen. 
In this case there is no acid radical present, and neither the substitution of 
a second neutral radical per se nor its chemical composition has such a 
profound effect on the specificity. Antiserum to aniline reacts to some 
extent with all the haptens and vice versa. 

In addition, comparison of the results in Tables IV and VI shows that 
whereas the introduction of acid radicals alters the specificity of aniline 
completely the introduction of neutral radicals alters the specificity slightly 
or not at all. 


c. Influence of Spatial Configuration 


In Table VII are shown the reactions between aniline, its carboxylic and 
sulphonic acid derivatives, and their antibodies. As we would expect, 
aniline displays no cross-reactions with these derivatives. The introduction 
of a carboxylic acid group in the ortho, meta, or para positions of aniline 


Table VIT—EFFECT OF SPATIAL CONFIGURATION OF ACID RADICALS ON THE 
SPECIFICITY OF AZOPROTEINS. After Landsteiner [11] 


ANTISERUM AZOPROTEINS COUPLED WITH 
AGAINST 
AZOPROTEIN 2- er 2-Amino- | 3-Amino- | 4-Amino- 
COUPLED WITH +e Amino- | 3-Amino- b mINO- | benzene benzene | benzene 
THE HAPTEN Aniline benzoic | benzoic ae sulphonic | sulphonic | sulphonic 
acid acid a acid acid acid 
iline +++ ~ — — — _ — 
2-Aminobenzoic — spor ae = = qe Sar = = 
acid 
3-Aminobenzoic _ = Sa eSeae = = = = 
acid 
4-Aminobenzoic _ — =. acivaiaes — = = 
acid 
2-Aminobenzene - — — — sea aie aes = 
sulphonic acid 
B-Aminobenzene _ — _ — ee} ote et = 
sulphonic acid 
4-Aminobenzene -- — _ _— = ae Se 4PSPes 


sulphonic acid 


results in haptens of three completely distinct specificities. However, the 
antiserum to 2-aminobenzoic acid reacts strongly with 2-aminosulphonic 
acid, though the reverse cross-reaction does not occur. This is an instance 
of spatial configuration taking precedence, in one direction only, of 
chemical composition. Of interest too are the cross-reactions shown 
between the sulphonic-acid-substituted compounds. In this case cross- 
reactions are seen between haptens where the acidic group 1s substituted 
at positions 2 or 3, and 3 or 4, but not between the sterically more dis- 
similar 2- and 4-aminobenzene sulphonic acid haptens. 
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The influence of spatial configuration is even more striking with optical 
isomers. Table VIII shows the results of cross-precipitation tests with 
laevo-, dextro-, and meso-tartaric acids. The laevo and dextro forms 


Table WIII.—EFFECT OF STEREO-ISOMERISM OF DETERMINANTS ON THE 
SPECIFICITY OF AZOPROTEINS. After Landsteiner [11] 
ne en ee 


AZOPROTEINS COUPLED WITH 





Laevo-tartaric Dextro-tartaric Meso-tartaric 


ANTISERUM AGAINST acid acid acid 
AZOPROTEIN COOH COOH COOH 
COUPLED WITH | 
THE HAPTEN HOCH HCOH ats: 
HCOH HOCR HCOH 
| 
COOH COOH COOH 
Laevo-tartaric acid +++ Trace + 
Dextro-tartaric acid — +++ je 
Meso-tartaric acid Trace -- +++ 





hardly cross-react at all. The meso form cross-reacts slightly with anti- 
bodies against both the other forms. This is probably due to the fact that 
meso-tartaric acid differs from the other two forms only at one asymmetric 
carbon atom, whereas the dextro and laevo forms differ from each other at 
two asymmetric atoms. Other optical isomers can also be distinguished 
_ immunologically, but this is not always the case, e.g., D- and L-fucose 
derivatives [21, 22]. 


d. Influence of Aliphatic Side-chains 
The length of the chain in the lower dicarboxylic acids has a very 
marked influence on specificity. Diazotized proteins conjugated with 


Table 1X.—EFFECT OF TERMINAL AMINO-ACIDS AND LINKAGE OF AMINO- 
ACIDS ON SPECIFICITY OF AZO-PEPTIDE PROTEINS. After Landsteiner [11] 


ANTISERUM 
AGAINST AZOPROTEINS COUPLED WITH 

AZOPROTEIN | _— 
COUPLED WITH | Glycyl-glycine | Glycyl-leucine | Leucyl-glycine | Leucyl-leucine . 
Glycyl-glycine techs = = = 
Glycyl-leucine _ +++ — Trace 
Leucyl-glycine + = See E — 
Leucyl-leucine — + = ++ 





4-amino-aniline in which the free amino group was substituted with 
oxalic, malonic, and succinic acids display no cross-reactions. However, 
the higher dicarboxylic acids with more than 4 carbon atoms cross-react 
strongly with each other and the addition of two or even three carbons to 
the length of the chain makes little difference to the specificity [11]. 
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e. Influence of Peptide Side-chains 


‘In Table IX can be seen the results of cross-precipitation tests with 
some simple dipeptides coupled to protein by diazotization. The influence 
of the terminal amino-acid is immediately apparent. Weak cross-reactions 
occur where the subterminal amino-acid is different but the terminal acid is 
the same. No cross-reaction occurs where the subterminal amino-acids are 
the same but the terminal amino-acids are different. More elaborate 
experiments with tri- and penta-peptides show unequivocally that other 
links in the chain of amino-acids influence specificity. 


6. CONFIGURATION 


Changes in the tertiary structure of a protein molecule, though not 
necessarily involving a determinant site, may nevertheless result in the 
alteration of the structure of such a site. For instance, structural differences 
between intracellular and extracellular penicillinases are reflected in 
differences in serological specificity [23]. Equally disruption of the 
disulphide bonds of ribonuclease leads to complete loss of tertiary structure 
and the oxidized ribonuclease fails to react with antiserum to the native 
molecule [24]. If the broken bonds are re-formed serological specificity 
is restored, but if incorrect disulphide bridges are remade the newly 
formed structures differ from native ribonuclease in configuration only and 
do not then react with antiserum to the native protein. 

Insulins also provide us with very striking examples of the influence of 
configuration on specificity. Antiserum to native beef insulin reacts, in 
part at least, with amino-acid residues 8-10 of chain A; the separated A 
chain, however, is serologically inactive. Separation of the chains involves 
rupturing a disulphide bond between residues 6 and 11 of the A chain, so 
here again configurational changes can be seen to alter serological specificity. 
We can deduce from evidence such as this that in a native protein molecule 
with its bent and coiled polypeptide chains the amino-acid residues that 
go to make up a determinant need be neither sequentially adjacent in a 
chain length nor indeed present in the same chain. 

Though it has been held that tertiary structure of a protein is determined 
by its primary sequence of amino-acids this may not always be so. We 
have in fact seen that it is not under experimental conditions where 
incorrect disulphide bonds are formed in the disrupted ribonuclease 
molecule. Possibly the same conclusions can be drawn from the evidence 
that although sperm whale and pig insulins are identical in amino-acid 
sequence they inhibit the reaction between beef insulin and homologous 
antiserum to different degrees [25]. 

In a so-called three-component system, antibody-enzyme-substrate, the 
possibility is considered that the inhibitory action of antibody on enzyme 
activity is sometimes effected even when the site of union is at a distance 
from the catalytic site. A postulated mechanism would be that union 
between antibody and enzyme results in a rearrangement of hydrogen 
bonds in the latter with a concomitant distortion of the catalytic site [26]. 

That tertiary structure is not always paramount in determining specificity 
is suggested by the fact that degraded thyroglobulin lacking secondary and 
tertiary structure is still able to inhibit the reaction between the native 
globulin and homologous antibody. This leads us to the recognition that 
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determinants on the surface of proteins may be formed either from a 
straight sequence of amino-acids constituting part of the primary structure 
or from an area in which different parts of the same or different polypeptide 
chains come together as a result of tertiary configuration. 


7. CHEMICAL STRUCTURE 


Probably the smallest difference found so far in the chemical structure of 
a protein that alters its specificity concerns the amido group. The two 
iso-enzymes ribonuclease A and B probably differ only in the amidation 
of a single carboxyl group, and show slight but definite differences in 
serological reactivity [27]. Deamination of the terminal lysine residue of 
bovine ribonuclease also results in a greatly diminished precipitate with 
antibody to unaltered ribonuclease, but in this case a local alteration in the 
tertiary structure cannot be excluded. That the limit of serological 
resolution has been reached here is likely, not only because of the very 
small chemical differences involved but also because such findings are not 
consistently obtained when other systems are investigated. For instance, 
it has not proved possible to distinguish between normal and desamido- 
insulin immunologically. Even when considerably greater differences are 
present, involving perhaps a whole amino-acid, distinctions often prove 
difficult. For instance, haemoglobins A, S, C, and E differ from each other 
by a single amino-acid only. Nevertheless S, C, and E could not be 
distinguished serologically [28], though with the use of chicken antisera 
and conditions ensuring maximum precipitation A and S could be dis- 
tinguished [29]. Similarly it has proved difficult or impossible to distinguish 
between the various insulins that differ by only one amino-acid residue, 
such as beef and sheep or horse and pork; though some human sera do 
distinguish between the first and second pairs where there is a difference of 
at least two amino-acids. Such differences in insulins from various animal 
sources may be of more than academic interest. In the past indiscriminate 
use has been made of beef and pork insulins in the treatment of diabetics. 
Apart from the fact that pig insulin seems to be less antigenic in man than 
beef insulin and would therefore seem to be the most suitable choice, a 
change from beef to pig insulin could produce hypoglycaemic shock in a 
patient already somewhat immune to beef insulin. 

Although we may be approaching the limit of serological discrimination 
with differences of one amino-acid, when the protein molecule as a whole 
is considered it still seems remarkable at first that splitting off the valine 
residue at the C-terminal end of ribonuclease does not alter its specificity 
at all. This example is of particular interest since it suggests that the 
terminal residue of a polypeptide chain is not necessarily the terminal 
residue of a determinant. Landsteiner’s demonstration of the decisive role 
of terminal and subterminal amino-acids on the specificity of conjugated 
oligopeptides, which was intended to throw light on their role in serological 
specificity, is not necessarily of universal application. Indeed, Kaminski 
even states [30]: ‘As to the role played by the ends of peptide chains, they 
seem scarcely involved in globular proteins.’ 

_ In this connexion an interesting comparison can be drawn between the 
immunological and pharmacological activity of terminal amino-acids. In 
the case of bradykinin, angiotensin, and other peptides it has been 
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convincingly shown that pharmacological action depends on the C-terminal, 
though not the N-terminal residue [31]. On the other hand, the terminal 
carboxyl and amino groups of angiotensin II can be blocked by polylysine 
without affecting its capacity to stimulate the production of specific 
antibody to the unaltered molecule [32]. This would suggest that internal 
units of the chain can be responsible for specificity, as indeed has been 
shown to be the case with carbohydrate structures [33]. (See also SOMATIC 
ANTIGENS OF ENTEROBACTERIA, p. 65.) 

The study of ribonuclease is also interesting in that it has already proved 
possible to correlate antigenic sites with amino-acid sequence. Two major 
antigenic regions have been found; one is in the four-peptide sequence 
120-123, and the other consists of at least 14 residues in the segment 38-61. 

The crux of the matter would seem to be that it is not so much a terminal 
or subterminal position in a polypeptide chain that decides whether a 
sequence of amino-acids acts as a determinant, but rather the position of a 
sequence with respect to the molecule as a whole. In other words, in 
serological reactions with native protein it is the accessibility of a deter- 
minant on the surface of the molecule that is of primary importance. 


8. SIZE OF DETERMINANTS 


Progress in the field of protein chemistry is now extremely rapid. 
Synthetic polypeptides and cleavage products of proteins are both being 
used to probe into the structure of the antigenic site. 

Investigations with antibodies directed against polypeptides of lysine 
and glutamic acid have shown that these antibodies precipitate some 
natural proteins. It is likely that their reactive sites are directed against 
paired lysine or glutamic acid residues, combinations known to occur in 
proteins. If single lysine or glutamic acid residues formed determinant 
sites one would expect to find cross-reactions between virtually all proteins. 
It is now possible to synthesize complex polypeptides with molecular 
weights of up to 200,000, and variations in the structure of these molecules 
will make it possible to study more closely the relationship between 
chemical structure and antigenicity and specificity. 

Polypeptide fragments with molecular weights ranging from 7000 to 
23,000 have been obtained by enzymatic cleavage of serum albumin at an 
inhibitor/antigen molar ratio of 1-5 : 1-0 [34], but are not themselves 
precipitable. Much smaller fragments of protein than these are, however, 
still capable of inhibiting precipitation—for instance, octa- and dodeca- 
peptides of silk fibroin [35]—but in such cases the molar ratio of inhibitor 
to antigen is often 1000 or more. This is not to say that an antigenic 
determinant consists of sixty rather than a dozen amino-acids. Indeed we 
have independent evidence that the antideterminant site is of the order of 
10-20 amino-acids [36]. The wide discrepancy observed between the 
inhibitory capacities of large and small simple haptens is more probably a 
function of differences in their configuration. In the larger fragments we 
would expect the original three-dimensional structure to be mostly retained, 
whereas in the smaller fragments it might be partly lost. Ultimately these 
differences could be expressed in terms of dissociation constants for the 
respective antibody-hapten reactions, and because this value would be 
much greater for the smaller molecules they would need to be in much 
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higher concentration than the large fragments in order to achieve the same 
level of inhibition. é 

Alterations in specificity and combining power due to such changes in 
configuration are supported by a number of other serological observations. 
First, we must not forget that the reaction of the active site of an 
enzyme with its substrate can change the configuration of antigenic sites at 
a distance from the catalytic site. Secondly, in ABH blood-group sub- 
stances specificity depends on terminal and subterminal sugars and not on 
the polypeptide backbone. Nevertheless, digestion of the polypeptide part 
destroys serological activity probably because the configuration of the 
oligosaccharide is altered. Thirdly, the Gm(4) antigenic determinant of 
immunoglobulins, though situated in the heavy chain of the molecule, 
still requires the light chain for a full expression of its serological activity, 
probably for the same reason. 

In recent years then the serological specificity of cleavage products of 
proteins, and particularly of globulins, has been widely studied. Multiple 
determinants have been found in and on antigens such as serum and egg 
albumins, diphtheria toxin, fibrinogen, gamma-globulins, thyro-globulin, 
and tobacco mosaic virus (TMV) protein. ‘A’ protein, derived from TMV 
by treatment with alkali, has been shown to possess at least six different 
specificities, all apparently present in the intact molecule [37]; but cleavage 
of antigenic molecules may also lead to the appearance of a number of 
hitherto unsuspected specificities, either by virtue of unmasking deter- 
minants buried in the interior of the intact molecule, or by the acquisition 
of new specificities due to changes in configuration caused by the denatur- 
ing processes [30]. For these reasons, and because even chemically 
purified proteins often consist of physical, structural, and serological 
populations of molecules, it has proved difficult to obtain definite evidence 
regarding the size of antigenic determinants with methods that involve 
cleavage. We shall return to the subject of size in the next section dealing 
with polysaccharide antigens and in Chapter 3, IMMUNOGLOBULINS. 


B. Polysaccharide Antigens 


In general it might be said that polysaccharides provide a poorer 
antigenic stimulus than do proteins, but it is now conceded that some 
purified polysaccharides uncontaminated with protein are antigenic in a 
number of mammalian species such as man, horse, and mouse. Some 
polysaccharides such as dextran are essentially simple and highly repetitive 
structures, consisting largely of glucose units linked 1,6 with some cross- 
links: of high molecular weight, they can stimulate the production of 
antibodies. Other species of animal, ¢.g., rabbit and guinea-pig, fail to 
respond immunologically to such stimuli so that here we have a good 
example of a different biological response in an immunological field as 
between different species, just as with protein antigens we noted differences 
in qualitative and quantitative responses between individuals within 
species. Here we have the situation where complete antigens in some 
species behave as haptens or complex haptens in others. 

Large polysaccharide molecules are slowly catabolized compared with 
proteins of similar size and can be detected in animal tissues for months 
and even years after being introduced into the tissues. They could therefore 
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be expected to provide a prolonged antigenic stimulus and thereby 
presumably enhance their prospects of provoking a detectable antibody 
response in the injected host (see Chapter 4). Small doses of pneumococcal 
polysaccharide of the order 0-1-1-0 yg. give rise to good antibody responses 
in mice. An interesting anomaly has been demonstrated when much larger 
doses, 50-100 yg., are injected [38]. In these circumstances adult mice fail 
to produce any demonstrable antibody at all over their whole life-span. 
This refractory state, originally called ‘immunological paralysis’, is now 
considered to be one of the manifestations of ‘tolerance’, a subject dealt 
with in more detail in Chapters 4 and 10. It is sufficient here to say that 
when a state of tolerance has been induced in an animal by the administra- 
tion of antigen, the animal does not respond with the production of 
antibody to further doses of the same antigen. Originally thought to be a 
property peculiar to polysaccharide antigens, it is now known that the 
same effect can be achieved with massive doses of protein antigens. 
Possibly the slow rate of catabolism associated with polysaccharides 
renders it easier to achieve an overwhelming concentration with them. 

Following the discovery that pneumococcal capsular material was 
polysaccharide in nature, it became apparent that these carbohydrates 
determined the serological specificity of the various pneumococcal type 
strains. That specificity as opposed to antigenicity is determined by 
carbohydrates is not very surprising since if we take into account all the 
configurational possibilities of a disaccharide formed from the various 
stereo-isomers of glucose we are already dealing with very large numbers. 
Nevertheless, it was soon noted that serological cross-reactions occurred 
both between pneumococcal types and between these and polysaccharides 
from a wide variety of living organisms in the animal and vegetable 
kingdoms. No doubt this is due largely to the repetitive nature of their 
structure so that there is less variety than in the case of proteins. It is 
perhaps worth noting at this point that cross-reactions are often loosely 
ascribed to the sharing of antigens whether from closely or distantly related 
or even unrelated species. This is, of course, usually quite wrong and in 
most cases the sharing is limited to small bits of molecules that include a 
common determinant or part of a determinant. It is not necessary then to 
implicate a whole antigen, whether protein or polysaccharide, when a 
cross-reaction has been detected even in those cases where homologous 
and heterologous reactions are of equal strength. 

Under natural conditions polysaccharides often occur complexed with 
protein, and with or without an attached lipid fraction. In these circum- 
stances the whole molecule is antigenic even though the isolated poly- 
saccharide is not. Nevertheless, the carbohydrate moiety frequently 
determines specificity. Indeed, it is becoming increasingly apparent that 
the specificity of lipids, proteins, and lipoproteins is often determined by 
quite small carbohydrate components. 


1. SIZE OF DETERMINANTS 


The size of reacting sites in antigen-antibody complexes is fundamental 
to our understanding of the scope and nature of specificity in serological 
reactions. At the moment there appear to be striking similarities between 
the specificities displayed by antibodies for antigens, by viruses for their 
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cellular receptors, and by enzymes for their substrates. The virtual 
absence of covalent bonds in such reactions has led to the conclusion that 
a number of individually weaker forces must be responsible for the primary 
union of the reactants, and that this allows for a variety of patterns of 
intermolecular forces, and that specificity is the expression of unique 
patterns built up in this way. ; 
We have already seen how Landsteiner coupled known chemical 
groupings to proteins, but the use of these artificial antigens has not 
contributed a great deal to our knowledge about the size of the reacting 
sites because much of the reactivity of such determinants can be attributed 
to those amino-acid residues of the carrier adjacent to the substituted 
group. Landsteiner and van der Scheer [39] did, however, substitute 
succinanilic acid and arsanilic acid in positions 3 and 5 of the aniline ring. 
After coupling this relatively bulky compound (Fig. 4) to protein by 
diazotization, antisera were prepared against the introduced group. The 


H,0;As < )- NHOC Eros -CO-CH,: CH,: COOH 


NH, 
Fig. 4. 


antisera contained antibody capable of reacting with either the succinanilic 
part or the arsanilic part, suggesting that antibody sites were not large 
enough to accommodate both. 

Calculations made subsequently on the basis of this experiment indicated 
that the upper limit of the combining area was in the region of 700 A?. 
An alternative explanation would be that there is some restriction on the 
shape which an antibody site can assume. 

The fact that the structure of carbohydrates is relatively easily analysed 
compared with proteins led Kabat and his colleagues to use them for 
studying the size of antigen determinants [40]. They investigated the 
capacity of glucose units linked 1-6 to inhibit the precipitation of dextran 
by antisera obtained from human beings who had been injected with 
various natural and synthetic dextrans. Calculations based on equimolar 
concentrations of a number of glucose oligosaccharides showed that the 
inhibitory capacity of the small chains rose to a maximum when 6 or 7 
hexose units were linked together. The experimental methods available 
are not precise enough to show whether the heptaose was more inhibitory 
than the hexaose. . 

When equimolar concentrations of members of the glucose series were 
compared, it could be seen that the capacity of the disaccharide to inhibit 
precipitation was less than double the capacity of the monosaccharide. 
Similarly the triaose, tetraose, pentaose, and hexaose each caused more 
inhibition than the preceding member of the series but the percentage 
increase became less and less. A study of the binding energies (see Chapter 
6) involved when the antibodies and oligosaccharides combined tended to 
confirm these findings. Thus if the effect of 6 units was taken to be 100 per 
cent the contribution of the first unit was 40 per cent and of the sixth unit a 
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mere 2 per cent. The conclusion may be drawn that the terminal residue of 
a sugar determinant plays proportionately the greatest part in determining 
specificity and is the component having the greatest capacity to inhibit 
precipitation of homologous antigen by antibody. By determining the 
capacity of each sugar residue in a determinant to inhibit precipitation, 
either alone or combined with others, it is possible, in theory at least, to 
identify the position of each residue along the chain. Possible pitfalls in 
this line of reasoning have already been pointed out in the section on 
protein antigens. Nevertheless, this principle has been successfully 
applied to the elucidation of the structure of a number of carbohydrate 
determinants. 

As we have seen, Landsteiner’s work led to an estimate of 700 A2 as the 
maximum size of a reactive site. The dimensions of the hexaose used in 
the above experiments are 34x12x7A, a volume of 2856 A® and a 
maximum area in one plane of 408 A®. An area of this size corresponds to 
a comparatively small portion of the surface of an IgG antibody molecule, 
and there is ample space for two combining sites, so that there is no 
inherent difficulty in accepting this estimate of size for antigenic deter- 
minants provided by studies on the dextran—antidextran system. A 
substantially similar estimate, 36 x 106 A, has emerged from studies on 
synthetic polymers of amino-acids [7]. 


2. STRUCTURE OF DETERMINANTS 


Precipitation techniques have also been widely used to examine the 
chemical structure of carbohydrate determinants with a more complicated 
composition than dextran. Although it might appear at first sight that 
qualitative chemical analysis would yield decisive information, it is fre- 
quently found that determinants of related classes of antigens are composed 
of exactly the same monosaccharide units. Chemical analysis can, of 
course, be taken further and sometimes the complete structure, i.e., 
composition, order of residues, and the way they are linked, can be 
determined. But more often in the past it has been necessary to use 
immunological methods to suggest or confirm particular structures. 


a. Blood-group Antigens 

In 1900 to 1901 Landsteiner and his colleagues [41-43] showed that 
human beings could be divided into four groups on the basis of two anti- 
genic characters in their red blood-cells (Fig. 5). Since that time a third 


Blood group Antigen Tsoagglutinin 
O — Anti-A and Anti-B 
A A Anti-B 
B B Anti-A 
AB A and B _ 


Fig. 5—The ABO system. 


antigen, ‘H’, falling within the same genetic system, has been characterized; 
it is present in all four groups but in relatively larger amounts in group-O 
cells and it distinguishes quantitatively such cells from those of the 
other three groups. Together the three antigens form the ABH system. 
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H antigen is not the same as O antigen and though it is felt that group-O 
cells may possess a specific O antigen of their own its existence has not 
been proved. 

Antibodies present in human sera that agglutinate human red blood- 
cells are by definition iso-agglutinins (p. 31). 

Originally blood transfusion practice took account of ABO groups only. 
Later it was found that in cases where there should have been no in- 
compatibility on the basis of this system transfusion reactions still occurred. 
The presence of other antigens had therefore to be assumed. Some of 
these proved to be of great importance clinically and are grouped together 
in the Rh system. Approximately 100 antigens, arranged in at least 14 
independent systems, have now been discovered, and the number of 
possible antigenic patterns is so great that the erythrocyte is probably just 
as distinctive of an individual as his finger-prints. 

The blood-group antigens that have been most widely investigated 
chemically are A, B, H, and the antigens of the Lewis system. Their study 
has necessitated the use of large amounts of purified blood-group antigens, 
though the amount available from red blood-cells is strictly limited. 
Progress was therefore hampered until it was discovered that approxi- 
mately 80 per cent of Europeans are ‘secretors’ of A, B, and H blood-group 
substances. Present in saliva, meconium, gastric juice, urine, and fluid 
from pseudomucinous cysts, large cysts are by far the most prolific source 
of these materials, and the large amounts that have become available in 
this way have greatly facilitated the investigation of blood-group antigens, 
Lewis* (Le*) blood-group substance is found in the corresponding fluids of 
‘non-secretors’. Materials with the same or similar serological specificity 
have been obtained from the mucin-secreting glands of other animals, 
e.g., gastric mucosa of horse and pig, and from plants. 

Such antigens, or at any rate antigenic determinants, are widely dis- 
tributed in nature. Equally widely distributed are a variety of haem- 
agglutinins specific for human blood-group antigens. It is sufficient to state 
here that extracts of seeds of many plants have the capacity to agglutinate 
red blood-cells, sometimes with a specificity rivalling that of specific 
antibody. Such extracts are known as ‘ phytohaemagglutinins’ or ‘lectins’. 
Substances with a similar action are found to occur naturally elsewhere as 
well, e.g., eel serum, with anti-H specificity. Both classes of reagents have 
been and are extensively used in routine blood-group serology and in the 
study of the structure of blood-group antigens. It is of particular interest 
that some lectins, for instance, though specific for certain blood-group 
antigens, do not necessarily react with structures identical with those 
against which specific antibody is directed. Even this apparent anomaly 
has been turned to good account in elucidating the composition and 
structure of red-cell antigens. Many examples of the use of these reagents 
will be found in the succeeding pages. 


i. Biochemistry of Soluble ABH and Lewis Substances 


It is only in very recent years that any progress has been made in 
defining the composition of blood-group antigens on erythrocytes as such. 
Nearly all that is known on the subject derives from investigations of 
soluble blood-group substances, i.e., of materials with the same serological 


ANTIGENS 51 


specificity as red-cell antigens but found free in solution in various body 
fluids. The biochemistry of ABH blood-group substances has been 
reviewed recently by Watkins [44]. In this section we shall first consider 
the evidence derived from studies of the ABH and Lewis soluble blood- 
group substances and then deal with the materials obtained directly from 
erythrocytes; but in the case of ABH and Lewis substances in red cells 
under the separate heading of GLycoLipips (p. 83). 

Chemically ABH and Lewis soluble substances are carbohydrate- 
protein compounds. After purification they have molecular weights 
ranging from 200,000 to 1,000,000, about 85 per cent of which is accounted 
for by the carbohydrate fraction. The teams of workers led by Morgan and 
Kabat who are mainly responsible for our present-day knowledge of the 
biochemistry of these substances have called them ‘mucopolysaccharides’. 
Unfortunately, the classification and nomenclature of macromolecules of 
this sort are by no means uniform. The term ‘mucopolysaccharide’ is 
usually taken to refer to a class of substances composed of sugars, amino- 
sugars, uronic acids, and sugar-like compounds. They are widely distri- 
buted in nature, generally performing some supportive function. Large 
polymeric structures are sometimes built up using the same ‘brick’ over 
and over again. Examples are the polyhexosamines of chitin and shells 
of crustaceans, and the polyuronides of plants and bacteria. Sometimes 
more than one brick is used as, for instance, sugars and uronic acids in 
pneumococci, and repeating units of N-acetyl-glucosamine and glucuronic 
acid in hyaluronic acid. ABH and Lewis blood-group substances are 
compounds consisting of mucopolysaccharides as defined above combined 
with polypeptides. 

Uhlenbruck, who works with similar compounds but within the human 
MNSs blood-group system, describes them as ‘mucoids’ and eschews the 
term ‘mucopolysaccharides’ altogether [45]. He divides carbohydrate- 
protein compounds into four types:— 

«. The mucins consisting of a protein chain with many short, unbranched 
side-chains with terminal N-acetyl-neuraminic acid and subterminal 
N-acetyl-hexosamine. The same structural units are used as in the blood- 
group-active mucoids of type f below, but the structure as a whole is more 
monotonous (Fig. 6). 

B. The mucoids also have a protein chain but the carbohydrate side- 
chains are longer than in mucins and also branched (Fig. 6). 

y. The glycoproteins,, (sensu strictiori) consist of a protein chain that 
bears side-chains of both the above types, but just a few scattered over the 
length of the chain. Usually the side-chains are rather simpler structures 
than in f. In principle every carbohydrate-protein complex could be 
designated a glycoprotein but the meaning here is restricted in the above 
sense (Fig. 6). el 

8. Gamma-globulins are also glycoproteins in the general sense but differ 
in that they have still fewer carbohydrate prosthetic groups (Fig. 6). 

Already there is perhaps sufficient initial evidence to justify us in 
thinking that an infinite gradation leads from mucopolysaccharides with 
little or nothing in the way of amino-acids in their composition to proteins 
with little or no carbohydrate. As far as the blood-group substances of 
the ABH and Lewis systems are concerned, we are interested in molecules 
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falling into Uhlenbruck’s second category of mucoids. We et oan nn 
carbohydrate fraction confers specificity on the whole mo cit e : 
serological tests, so it is somewhat surprising to find that degrada oh Na 
the polypeptide part also results in a lowering of activity. It eee 
assumed that the latter somehow orders the configuration or est ie 
of carbohydrate residues. The polypeptide fractions of all AB pr 
Lewis blood-group active substances are composed of the same eleven 
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Fig. 6.—A proposed scheme for carbohydrate-protein compounds by 
Uhlenbruck [45]. 


amino-acids, but the similarity between them goes beyond the qualitative 
aspect. It is possible to induce a different kind of immunological response 
from antibody production in animals by injections of soluble substances, 
namely delayed hypersensitivity. In these cases it is the polypeptide 
fraction that determines the specificity of the response. Animals sensitized 
with A substance respond to subsequent injections of B substance which 
points to an immunological similarity, i.e., of detailed structure as well of 
overall composition. Thus the polypeptide not only influences the 
serological specificity of the carbohydrate moiety but also has an immuno- 
logical function and specificity of its own. This quite simply illustrates the 
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complexity of immunological responses in the host and serves as a warning 
to the unwary that nothing can be taken for granted. 

Turning now to the chemical analysis of the carbohydrate fraction we 
again find that all the soluble substances are qualitatively the same; 
containing the sugars L-fucose and D-galactose, and the amino-sugars 
N-acetyl-D-glucosamine and N-acetyl-p-galactosamine. In addition, 
various amounts of N-acetylneuraminic acid are found, but it is not 
implicated in ABH and Lewis blood-group specificities. 

Though characteristically soluble in water, the solubility of blood-group 
substances varies considerably. The more soluble preparations consist of 
mucopolysaccharides with molecular weights of 200,000-500,000, whereas 
the gel-like substances obtained from ovarian cyst fluids are giant macro- 
molecules built up from the more soluble molecules with intermolecular 
disulphide bonds. 

At present the detailed structure of neither the polypeptide nor the 
carbohydrate part is known, but a reasonable estimate is that each molecule 
contains some 350 oligosaccharides of which each chain contains a mini- 
mum of 7 sugar units [46, 47]. Although we may be ignorant of the overall 
structure of the molecule, considerable progress has been achieved in 
the past few years in elucidating the arrangement of the terminal 5 or 
6 hexoses that make up each determinant. Such progress has been due 
to a concentric attack by a battery of methods and to recent technical 
advances. The methods employed involve chemical, enzymatic, and 
serological approaches. 

Partial acid hydrolysis yields a variety of mono- and oligosaccharides 
from blood-group substances. With the use of a new hydrolytic agent, 
a macromolecular water-soluble form of polystyrene sulphonic acid, 
neutral oligosaccharide fragments are split off. With the reaction carried 
out in dialysis tubing the fragments quickly diffuse through the membrane 
and are preserved from further hydrolysis. A good yield of tri-, tetra-, and 
pentasaccharides can be obtained largely in their original N-acetylated 
form. Alkaline hydrolysis is also used to yield oligosaccharides and to 
separate carbohydrate and protein fractions. The O-glycosidic link 
joining them is probably between an internal N-acetylgalactosamine and 
the hydroxyl group of an oxyamino-acid (threonine or serine) [48]. There 
may be many such bonds since large amounts of these two amino-acids are 
found in blood-group active mucoids. The same bonds are also present in 
the active mucoids of the MNSs system. 

A wide variety of enzymes has been used to attack specific bonds, 
though the precise substrate of a particular preparation 1s not always 
known at the outset. Glycosidases can be used to split off terminal mono-, 
di-, or oligosaccharides, proteinases to degrade the polypeptide part. If 
neuraminidase is used to treat bovine red cells, pneumococcus type XIV 
specificity is exposed; and strong agglutination of such cells takes place 
with anti-XIV serum. New specificities arise either because an oligo- 
saccharide from which the terminal sugar or sugars has been removed 
presents a different configuration and therefore specificity (cryptantigen), 
or because the same process exposes side-chains of different specificity 
that were previously sterically masked (pseudocryptantigen) (Fig. 1, 
p. 23). 
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The serological activity of blood-group substances can be tested before 
and after treatment with glycosidases; subsequently the specific action of 
the enzyme can be confirmed by inhibiting its activity with known sugars. 

Serological tests are, of course, used in conjunction with both chemical 
and enzymatic methods. Precipitation in agar gels because of its power to 
resolve antigens in mixtures of antigens and inhibition of precipitation, 
agglutination, and haemolysis because of their sensitivity and precision 
are methods particularly suited to the characterization of antigenic 
determinants. Inhibition tests can be performed not only with enzymatic 
cleavage products of blood-group substances but also with natural and 
synthetic sugars; for instance, the rare sugars isolated and identified by 
Kuhn and his colleagues [49] have been helpful in defining the structure of 
some determinants. 

It is worth re-emphasizing at this point that our knowledge of the 
detailed structure of blood-group substances is confined to the terminal 5 
or 6 units of an oligosaccharide side-chain that go to form a determinant, 
and not at all to their ordering in the molecule as a whole except in so far 
as they are presumed to be superficially placed. Reference to Fig. 7 will 
show that the same determinant structure could be repeated over and over 
again in a single molecule, and, though no doubt this is so, it is thought 
that there must also be other determinants present to account for the 
exposure of pseudocryptantigens. 

We can summarize our present knowledge of the detailed structure of 
ABH and Lewis substances by saying that they all have a common 
precursor carbohydrate chain to which is attached one or more sugars that 
determine the various specificities. It is unnecessary to make any assump- 
tions about how many such structures appear on a single molecule or 
whether other serologically specific structures are present in the depths of 
the molecule. The common precursor is a tetrasaccharide that exists in 
two forms which differ only in that N-acetylglucosamine (GNAc) is linked 
(1-3) in type I and (1-4) in type II chains to the terminal galactose 
(Fig. 7) [44]. Normally both precursors are present in each individual. 
Type-H chains cross-react with antiserum to pneumococcus XIV by virtue 
of a common terminal disaccharide, N-acetyl-lactosamine, that they share 
with that polysaccharide. This serologically active grouping is therefore 
present in all ABH and Lewis blood-group substances as a cryptantigen; 
pe ee Daneess of the same or other specificities are probably also 
present. 

Cross-reactivity with pneumococcus XIV is not, of course, an exclusive 
property of human blood-group substances. The oligosaccharide, lacto-N- 
neotetra-ose, isolated from bovine red cells has the formula 


B-Gal-(1>4)-8-GNAc-(1 -+3)-f-Gal-(1+4)-Glu 


from which it will be seen that it shares a terminal trisaccharide with the 
type II chain (Fig. 7) and therefore the terminal disaccharide with pneumo- 
coccus XIV. As we would expect, weaker cross-reactions occur when the 
steric configuration is changed by replacing the terminal 1+4 bond between 
galactose and GNAc with a 1-+3 bond, or by replacing the subterminal 
GNAc with N-acetyl-mannosamine. 
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_ Degradation experiments with enzymes have had a considerable 
influence on the development of the concept of sequential build-up of 
blood-group substances from a common ‘precursor’ substance. It is not 
indeed, known at present whether Sugar units are added singly or as 
preformed oligosaccharides, but for the sake of clarity in exposition we 
will presume a sequential addition. As techniques are now being rapidly 


Carbohydrate Chains in Precursor Substance 


Type I 8-Gal-(1-3)-8-GNac-(1->3)-8-Gal-(1+3)-GalNAc 
Type II @-Gal-(14)-8-GNac-(1->3)-6-Gal-(13)-GalINAc 


Chain Type Terminal Structure Specificity 
I 6-Gal-(1+3)-GNAc - - - — 
II B-Gal-(1+4)-GNAc - - - S XIV 
I B-Gal-(13)-GNAc - - - H 
Ao 2 
Fuc 
II 6-Gal-(1+4)-GNAc - - - H 
fal, 
Fuc 
I 6-Gal-(13)-GNAc - - - Le® 
t «1,4 
Fuc 
II B-Gal-(1>4)-GNAc - - - S XIV 
I B-Gal-(1+3)-GNAc - - - Le> 
t «1,2 t al,4 
Fuc Fuc 
II 6-Gal-(1+4)-GNAc - - - H 
4 «1,2 
Fuc 


Fig. 7.—Precursor substance and derived structures. GalNAc: N-acetyl-p- 
galactosaminopyranose. Gal: p-galactopyranose. GNAc: N-acetyl-p-glucos- 
aminopyranose. Fuc: L-fucose. After Watkins [44]. 


developed for investigating the biosynthesis of heteropolysaccharides, it is 
to be hoped that the enzymes that actually produce blood-group substance 
in vivo will very soon be identified, and so the biosynthetic mechanisms of 
these substances clarified. 

The first presumed step leads to the production of Le* substance and is 
the enzymatic addition of fucose linked «1,4 to the subterminal GNAc in 
a type I chain (Fig. 7). Such an addition is not possible in type-II chains 
because the terminal sugar already occupies this position. In Le* molecules, 
therefore, type II chains retain their pneumococcus XIV specificity. 

If fucose is linked «1,2 to the terminal galactose instead of 1-4 to 
subterminal GNAc, H substance is formed. This addition can take place 
in both chain types (Fig. 7). 

Mention has already been made of the fact that reagents with the same 
specificity do not always react with the same structures. An excellent 
example is provided by H antigen and eel serum anti-H. Whereas, as we 
have seen, human H substance has a terminal L-fucose, 3-O-methyl-D-fucose 
specifically inhibits eel serum anti-H [1]. It seems that in this case the 
minimal antigenic determinant is smaller than a monosaccharide and 
consists of a methyl radical equatorially attached to a pyranose ring with 


56 BASIC IMMUNOLOGY 


an adjoining ether oxygen and an oxygen-carrying substituent on a 
contiguous C atom cis to the methyl group. Similar conclusions have been 
drawn with regard to size of reactive sites in the case of reactions between 
eel serum ‘antibodies’ and H-active polysaccharides from Taxus and 
Sassafras. The active determinant is said to be part of the molecular 
structure of two very rare natural sugars, 2-O-methyl-fucose and 3-O- 
methyl-p-galactose [50]. 

The addition of both molecules of fucose, characterizing individually 
H and Le? determinants, gives rise to Le” specificity. It is evident that only 
chain I can be altered in this way so that in individuals with Le? specificity 
chain II retains H specificity (Fig. 7). 

H substance can be further transformed to yield A and B substances 
(Fig. 8). In the case of A substance N-acetyl-galactosamine is linked «1,3 
to the terminal galactose, whereas in B substance the final addition is 
galactose, also linked «1,3 (Fig. 8). Although these two terminal sugars 
are characteristic for A and B activity, the antigenic determinant probably 
includes fucose as well, since oligosaccharides that contain it are the more 
powerful inhibitors. 


Gene Structure Specificity 
6-Gal-(1—3 or 4)-GNAc - - - 
— eae H 
Fuc 
a-GalNAc-(1->3)-8-Gal-(1-3 or 4)-GNAc - - - 
A ed ee A 
Fuc 
a-Gal-(1->3)-8-Gal-(1—3 or 4)-GNAc - - - 
B + «1,2 B 


Fuc 


Fig. 8.—Additions to H active chains controlled by A and B genes. Abbreviations 
as in Fig. 7. After Watkins [44]. 


Progressive degradation of both A and B substances therefore leads back 
through H specificity, then possibly Le? and Le*, and ultimately to the 
precursor substance with pneumococcus XIV specificity in the case of 
type If chains. When we come to consider the genetic pathways by which 
the specificity of blood-group substances could be controlled we simply 
have to reverse this procedure. Once the existence of blood groups in man 
had become established it soon became evident that they were inherited. 
Indeed, it is the inheritance of these antigens that defines the different 
systems, ABH, Lewis, MNSs, Rh, and so on. We are not so much 
concerned with this aspect, however, as with the genetic pathways through 
which specificity is expressed biochemically. In this connexion genetics is 
both servant and master of blood-group serology since each in turn is used 
as a tool for the study of the other. 

In a proposed scheme of genetic pathways [44] a fucosidase under the 
control of the Lewis gene (Le) adds fucose in the appropriate position in a 
type I chain. Fucose is also added under the control of the H gene by a 
presumably different, fucosidase to type I and II chains to give the H 
determinant. In order to account for the Presence of H, A, and B antigens 
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in secretions a secretor gene (Se) is also postulated. In its absence H gene is 
not able to initiate the addition of fucose to precursor or Le* substances in 
secretions. An individual who possesses Se as well as both H and Le genes 
can add both fucoses to chain I with the formation of Le” substance. 
Similarly, individuals with Se and H genes can, under the influence of A 
and B genes, add N-acetyl-galactosamine and galactose respectively to 
form A and B substances (Fig. 9). 

_ To sum up: Three gene systems, Lewis, ABH, and secretor, collaborate 
in the sequential addition of sugars to produce Lewis and ABH substances 
in secretions. All three systems are necessary for the secretion of Le, two 
or three for A, B, and H, and only one for Le*. It has been observed that 
the secretions of individuals possessing Le gene carry in addition to A 
and/or B determinants, also determinants of Le*, Le’, and H specificity. 
It is presumed, therefore, that, although a full set of genes and enzymes is 
present, all precursor substance is not completely transformed and inter- 
mediate steps are secreted. The same situation obtains in H secretions 
where Le* and Le” specificities may also be present. 

It must be stressed at this point that the genetic pathways governing the 
production of soluble ABH substances are not identical with those 
governing red-cell antigens (see GLYCOLIPIDS, p. 83). The A and B genes 
each control the manufacture of at least two distinct products: A and B 
substances of secretions, and A and B antigens of red cells. Insecretors both 
pathways are present, in non-secretors only one. It is the blood-group 
specificity exhibited by mucopolysaccharides in secretors that has led to 
the postulation of a secretor gene. In order to account for those rare cases 
in which H antigen is absent another gene, ‘x’, is also postulated. In 
non-secretors (sese) or in people with a double dose of gene x no H and 
therefore no A or B substance is formed in secretions. If an individual also 
lacks the Lewis gene (lele) then only precursor substance is found. Non- 
secretors and individuals with a double dose of gene x differ in that the 
former lack A, B, and H antigens in secretions only, whereas in the latter 
these antigens are also lacking in their red blood-cells. 

Furthermore, it must not be forgotten that for the moment the O gene 
is considered to be an amorph, i.e., no true ‘O substance’ has so far been 
found in group O human red cells. H substance is not the product of the 
as yet hypothetical O gene, and so-called ‘anti-O’ sera are defined as sera 
that are not neutralized by H substance, in contrast to anti-H sera. 

From the above ‘facts’ it follows that the action of the ABH and Le gene 
systems is a very limited one; far from controlling the building of the huge 
macromolecules of ABH and Lewis substances, they govern only a few 
terminal steps. It can now be readily appreciated that a single macro- 
molecule could possess A and B and Lewis specificities at the same time, 
since each molecule carries numerous small carbohydrate chains; different 
specificities are then attributed to different chains. Indeed, we have 
already seen that chains of types I and II in the same macromolecule carry 
different specificities. 

We are left with a picture in which macromolecules of soluble blood- 
group substances are seen as possessing many oligosaccharide chains of 
differing length; A and B determinants representing the longest and most 
complex of them, and A and B substances possessing in addition to 
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complete chains, incomplete chains with H, Le*, Le, and pneumococcus 
type XIV specificities. 

The view presented thus far is perhaps the simplest that can be proposed 
for the genetic control and structure of blood-group substances. It does 
not take into account the recognized subtypes and variations even within 
the systems discussed, nor the many anomalies and contradictions that 
are to be found in the literature. For instance, A antigen is not irrevocably 
the substance depicted above, since oligosaccharide fragments have been 
obtained by alkaline hydrolysis that are tens of times more inhibitory than 
trisaccharides obtained previously by acid hydrolysis [51, 52]. None of 
= ite been fully identified but the most active fragment may have the 

ormula 


a-D-GalNAc-(1 —3)-8-pb-Gal-(1-+3 orl -—+-4)-p-GNAc-R, 


where R is a reduced sugar or sugar fragment [53]. It is not yet clear why 
this substance should be more active in haemagglutination inhibition tests 
than the fucose-containing tetrasaccharide described earlier [54], but it 
may be due to differences in the test systems, or, more importantly, to the 
size and/or exact configuration of the respective fragments. 

In carbohydrates as in proteins minor changes in composition as well as 
structure can profoundly alter serological reactivity. In the case of A 
blood-group substance deacetylation renders it completely inactive in 
haemagglutination inhibition tests, though it is still able to precipitate 
with substantial amounts of antibody from the same serum [55]. Perhaps 
this anomalous finding can best be explained by invoking a very much 
higher dissociation constant for the altered substance so that it is displaced 
by the native antigen in inhibition tests, whereas in straight precipitation 
there would be no competition for antibody sites. We shall see later that a 
similar difference in structure is found in blood-group active glycolipids 
though initiated by a different mechanism. In the present case the loss of 
serological activity might be caused either by a modification in configura- 
tion or by the appearance of a positive charge at this previously uncharged 
site. 

So we find that, on the one hand, penta- or hexasaccharides are necessary 
for maximum reactivity, but, on the other, even a small alteration to the 
terminal sugar can have a striking effect on specificity. 

Even allowing for the possibility that fucose is not part of the A 
determinant, the various theories of genetic pathways deal only with one A 
antigen without distinguishing between the subspecificities A, and Ag. 
Wiener postulates a structural difference between these subgroups [56]. 
He also assumes that in the soluble blood-group antigens the carbohydrate 
side-chains are relatively mobile, whereas on the red-cell surface they are 
held rigidly in position. This difference would account for the readily 
detectable H specificity in the soluble substances of A and B as well as 
O secretors. In red cells the rigidly held side-chains of A, cells are thought 
to be considerably shorter than those of A, cells and therefore to cause 
much less steric hindrance; consequently reactions with anti-H reagents 
are stronger with A, cells, though still less than with soluble substances 
where anti-H can be used to distinguish between secretors and non- 
secretors. Other authors have assumed that the reaction of anti-H with A, 
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is stronger because less H is transformed into A substance; in any case 
the two explanations are not mutually exclusive. It would also seem that 
AB individuals have fewer A and B specific side-chains than homozygous 
A or B individuals. ; . 

It will be of interest too to see whether the various anti-A reagents are 
better adapted to A substance formed from chain I or chain II. Work 
along these lines is in progress using oligosaccharides linked 1+3 and 
1+4 in inhibition tests [57]. Meanwhile one might speculate that no 
difference will be detected by the phytohaemagglutinin of Dolichos 
biflorus since in this case, as with many lectins, the reactive site is small 
and directed mainly against the terminal sugar, so that the different bonds 
between the second and third sugars will not influence the reaction. 

The concept of stepwise formation of blood-group antigens has been 
extended to the A subgroups and weak A antigens [58]. It is postulated 
that there are at least four partial A antigens and that A, is synthesized in 
four consecutive steps. Such speculations may be tempting but, as far as 
we know, are unsupported by experimental evidence as yet. 

We have seen that soluble blood-group substances have carbohydrate 
and polypeptide fractions, and that specificity is determined by branching 
oligosaccharide side-chains. Some carbohydrates though present do not 
seem to form part of the determinant structures. Thus sialic acid is 
present in varying amounts in soluble substance but does not apparently 
affect specificity. Similarly, although the polypeptide backbone displays 
immunogenic properties in delayed hypersensitivity, a number of con- 
stituents, cystine, aspartic and glutamic acids, are found in different 
amounts in blood-group substances of similar or identical immunological 
activity [59]. 

Finally, it is remarkable that, as in many other instances in nature, 
similar patterns are observable in the arrangement of genetic pathways 
leading to the production of blood-group antigens. Here we have seen 
how the addition of terminal and subterminal groups to a large macro- 
molecule can result in the appearance of a number of distinct specificities, 
all under genetic control. Recently Race [60] has shown that this ‘terminal 
sugar icing’, although not always done with sugars perhaps, may manifest 
a general pattern as indicated by the Rh and P systems, where several genes 
again participate in the ‘making of the cake’. A similar pattern can also 
Lae be recognized in the cell walls and antigens of bacteria (see 
p. 68). : 


li. Antigens of the MNSs System 


The antigens of the MNSs system are discussed here in spite of the fact 
that they are derived from red blood-cells and not secretions because they 
are mucoids (Uhlenbruck) or mucopolysaccharides (Morgan), just as the 
soluble antigens of the ABH system are. In the following account we have 
made extensive use of an excellent review by Uhlenbruck [45]. 

The immunochemical investigation of these antigens is still in its infancy 
but interesting results have already been obtained. 

The polypeptide part is similar in MNSs and ABH systems in that it does 
not determine specificity and that serine and threonine are major com- 
ponents. In MNSs antigens, however, 15 amino-acids have been described 
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and there is an abundance of glutamic acid rather than proline. Neur- 
amunic acid again Is present in both, but whereas in ABH substances its 
amount is very variable and it is not involved in serological specificity, in 
the MNSs system it is serologically important. 

Technically the same methods can be used as for the study of ABH 
mucopolysaccharides. Once again the advent of polystyrene sulphonic 
acid has marked a substantial advance in the technique of partial acid 
hydrolysis. In addition, alkaline hydrolysis, enzymes such as glycosidases 
and proteinases, and serological methods can all be used. There is no 
detailed knowledge yet of the structure of the carbohydrate moiety but 
interesting facts have nevertheless emerged. 
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Fig. 10.—Basic structures in MN-antigens. After Prokop and Uhlenbruck [61]. 


The blood-group active substances of human red cells can be divided 
into ‘genuine’ and ‘acquired’ substances. The former are part of the 
structure of the red-cell surface and are presumably formed through their 
corresponding genetic pathway; the latter are passively taken up by red 
cells from the plasma. Lewis substances fall into the second category 
and biochemically speaking are fucomucoids, i.e., are mucoids with many 
terminal fucose residues. 

The ‘genuine’ antigens are further subdivided into glycolipids and 
neuramino-mucoids. The former are represented by the A and B glyco- 
lipids of human red blood-cells (q.v.), and the latter by MNSs substances 
and are so called because they possess many terminal neuraminic acid 
residues. Neuramino-mucoids consist of a protein chain to which are 
attached many, high molecular weight, branching oligosaccharides of 
differing structures. 

It is evident from serological reactions that M and N substances are very 
alike. Thus anti-N, whether in the form of immune serum from rabbits or 
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human beings or of phytohaemagglutinin, is absorbed by ordinary M cells. 
U-negative M cells, i.e., those that contain neither S nor s, are an exception. 
Cross-reactivity between M and N has been taken by Prokop and 
Uhlenbruck [61] as supporting their thesis that a basic structure of two 
carbohydrate chains is common to both M and N substances. In Fig. 10 
the two carbohydrate chains are depicted diagrammatically; in chain II M 
substance has an additional N-acetyl-neuraminic acid (NANA) compared 
with N substance, and similarly in chain I there is again an extra NANA in 
M substance. Removing the terminal NANA from chain I renders M 
substance inhibitory to the anti-N phytohaemagglutinin obtained from 
Vicia graminea, and chain II without terminal NANA is referred to by 
Uhlenbruck as V. graminea receptor (Ny,). It is assumed that as in ABH 
and Lewis systems a basic precursor is present in the MNSs system. 

It is clear from the foregoing that the chemical structure of ‘ordinary’ 
M cells must differ from that of U-negative M cells. How it differs is not 
known with any certainty. One can speculate, however, in accordance with 
Uhlenbruck’s scheme and drawing an analogy with soluble ABH sub- 
stances, that ‘ordinary’ M cells possess some chains of type I] without 
terminal NANA, whereas U-negative cells do not. U-negative cells 
become reactive with V. graminea anti-N after the removal of the terminal 
NANA by receptor-destroying enzyme (neuraminidase) [62]. In other 
words, Ny, is present in such cells as a cryptantigen. 

The great similarity between M and N substances is again shown by the 
fact that M substance is only slightly more inhibitory for so-called anti-M 
phytohaemagglutination from Jberis amara than N substance. It is worth 
noting that the difference between A and B specificities is determined solely 
by the introduction of an N-acetyl group at position 2 in the terminal 
hexose of the oligosaccharide. The difference between M and N specifi- 
cities as far as lectins are concerned may be equally subtle. At the same time 
one must not forget that great though this similarity may be, it is only 
between M and N. With respect to the other antigens of the red cell 
differences are just as great as are needed to make serological distinctions. 
As Romanowska has shown [63] M substance, even devoid of NANA, is a 
thousand times more inhibitory for J. amara anti-M than blood-group 
substances of the ABH and Lewis systems or their sugars. 

A further parallel with ABH substances can be drawn in that the 
specificity of M and N phytohaemagglutinins is not directed against the 
same structures as that of antibodies. In this connexion it should be 
appreciated that ‘specificity’ is used in two slightly different senses in 
describing immunological reactions. By the first is meant the degree of 
complementarity between antigen and antibody or lectin, and the extent to 
which the ‘fit’ determines the uniqueness of such a reaction. By the second 
is meant the recognition of a character; thus a reagent which consistently 
agglutinates M cells, and others not at all or to a lesser extent, is said to 
have M specificity. The structure against which it is directed is not defined, 
and it could be a part of the M determinant or another structure con- 
stantly associated with it. In the case of some phytohaemagglutinins it 
can be said that their specificity is narrower than that of antibody according 
to the first definition, because they react with only part of the deter- 
minant, and yet broader, by the second definition, because there is more 
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likelihood of finding a similar small structure elsewhere than a similar 
large structure. 

The anti-A reactivity of D. biflorus has already been mentioned, and its 
specificity is narrow in the sense that it can be inhibited by a mono- 
saccharide whereas a disaccharide is necessary in order to inhibit anti-A 
antibody. A different situation is illustrated by M and N substances in 
which N-acetyl-neuraminic acid is essential for reactions with rabbit and 
human sera of anti-M and anti-N specificity. But, in the case of J. amara 
anti-M and V. graminea anti-N, treatment of M and N substances by 
neuraminidase increases their inhibitory capacity 50-100 times. To 
complicate the picture still further even lectins with the same ‘specificity’ 
seem to react with different structures. Enzymatic digestion of N substance 
with a crude extract of Trichomonas foetus has no effect on its reactivity 
with Bauhinia variegata anti-N, but destroys its inhibitory capacity for 
V. graminea anti-N. 


iii. Other Blood-group Antigens 


The study of the structural basis of specificity of blood-group antigens 
of other systems is at an even more rudimentary stage than that of the 
MNSs system. We mention a paper by Rule and Boyd [64] not so much 
because it suggests that N-acetyl-neuraminic acid is a determinant for the 
D antigen of the Rh system as because it extends the concept, familiar 
from the biochemical study of ABH and Lewis systems, that numbers of 
antigenic determinants are found in the same macromolecule. In other 
words it is suggested that if a red cell possesses, for instance A, B, M, N, D, 
etc., specificities they are so closely linked that it will be impossible to 
isolate ‘pure’ A, M, D, etc. A similar inference can perhaps be drawn 
from the evidence that I antigen has f- and possibly also a-galactoside 
receptors [65]. This not only confirms the known serological relationship 
between Ii and ABH systems, but also renders it conceivable that these 
receptors also form part of the same macromolecule. 

Somewhat more is known about P antigen of the red-cell surface [66, 67] 
since material of the same specificity is obtainable from the fluid of hydatid 
cysts in sheep. This mucopolysaccharide is similar in many respects to the 
soluble human blood-group substance. As in B substance, o-D-galactoside 
units play an important role in determining specificity. It has been 
possible to prepare powerful anti-P agglutinins by coupling partially 
purified P, substance to Shigella shigae protein, a procedure that has 
proved successful with ABH substances, but the P, substance was still 
antigenically heterogeneous. 


b. Bacterial Polysaccharides 


The recent serological investigation of bacterial polysaccharides has 
followed in broad outline the manner of investigation of blood-group 
substances. Originally crude extracts of bacteria were made and examined 
chemically and serologically. Subsequently purified polysaccharides and 
their degradation products have been characterized, again chemically and 
serologically. a 

It is well recognized that many bacterial species have in addition to their 
protein antigens, group or species specific polysaccharide antigens or 
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, . Meta aoe 
haptens. This aspect of their antigenic structure 1s currently engaging 
coed deal of attention, but we shall confine ourselves here to discussing 
representative organisms from among the pneumococci and salmonellae 
where progress in relating structure to immunological behaviour 1s 


already fairly well advanced. 


i. Pneumococcal Capsular Antigens 


A striking morphological feature of the virulent pneumococcus 1s its 
polysaccharide capsule which gives a mucoid appearance to colonies of 
the organism. It is also responsible for the specificities displayed by some 
74 serological types of pneumococci. In the following account the symbols 
SI, SI, etc., will be used to denote the specific polysaccharides of 
pneumococcus type I, type II, and so on. 
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Fig. 11A.—Cellobiuronic acid. 


COOH CH,OH CH,OH CH,OH 
Oo Oo Oo O 
om 
OH Oo OH O OH O OH 
OH l 
OH OH OH OH 


Fig. 11B.—Proposed structure for pneumococcal polysaccharide S VIII [75]. 


Among the first immunologically significant polysaccharides to have 
their structure investigated, much of the early evidence about them came 
from observations of the way in which antisera to them cross-reacted with 
synthetic and vegetable polysaccharides of which the structure was known 
in whole or in part. More recent studies have followed closely those used 
for the analysis of blood-group substance antigens, with hydrolysis 
products and known sugars being used in serological inhibition tests with 
native or partly degraded polysaccharides. 

The polysaccharides that have been most fully characterized are S II, 
S III, S VIII, and S XIV. SII is estimated to have a molecular weight of 
240,000 and on breakdown yields the components L-rhamnose (48 per 
cent), D-glucose (35 per cent), and D-glucuronic acid (16 per cent) [68]. 
Glucuronic acid residues occupy most if not all non-reducing terminal 
positions and play a dominant role in determining the specificity of anti-S I] 
horse serum. However, glucose and rhamnose are also concerned with 
determining specificity. In the intact molecule glucosyl residues are involved 
in 1:4:6 branch-points and antisera to S II cross-react with glycogens and 
amylopectins known to contain the same structure. In particular, 
cross-reactions with tamarind seed polysaccharide, in which glucose 
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occupies the same relative position but the other components are D- 
galactose and D-xylose, indicate that this structural feature forms part of 
the determinant of S II [69]. 

The chemical basis of the cross-reactions observed between the specific 
polysaccharides S III and § VIII lies in the fact that they both contain 
cellobiuronic acid [70]. The structure of S II is shown in Fig. 11A and 
consists of cellobiuronic acid residues linked 1+3. The repeating unit of 
S VIII is a tetrao-uronic acid and the probable structure is shown in 
Fig. 11B. The disaccharide 4-O-8-p-glucopyranosyl-(1->4)-p-galacto- 
pyranose, found in partial acid hydrolysates of S VIII, forms the link 
between cellobiuronic acid residues. The precise nature of the link 
between successive tetrao-uronic acid residues is not known with 
certainty [70]. 

Of considerable interest, intrinsically and for the study of polysaccharide 
structure, has been the induction of the specific depolymerases, D3 and 
D8, in bacterial strains grown in the presence of S III and S VIII respec- 
tively as the only sources of carbon [70]. 


6-D-galactose 
1—6) 
6-p-galactose(1—4)@-N-acetyl-glucosamine(1—3)$-p-galactose 
(1-6) | 
—>4)6-D-glucose(1—4)-N-acetyl-p- 
glucosamine (1—> 


Fig. 12.—Structure of Pneumococcus S XIV [71]. 


The investigation of S XIV has been of particular interest to medicine 
because of the cross-reactions of antisera with this polysaccharide and the 
ABH blood-group substances. Study of these reactions, combined with 
chemical analysis, has led to the proposed structure of S XIV [71] shown 
in Fig. 12. Comparison with type-II chain of blood-group substance will 
show that these two oligosaccharides have in common a terminal lactos- 
amine structure. Subsequent evidence, derived principally from the 
induction of enzymes in Klebsiella aerogenes but also from inhibition 
studies, suggests that this is not the whole story and the proposed structure 
of S XIV given above will need modification [70]. 

In considering antigenic determinants so far we have in general implied 
that cross-reactions are due to identity or similarity of terminal structures. 
In the following section on the determinants of Salmonella O antigens an 
alternative explanation is given in which it is suggested that any accessible 
unit in a chain may present as the dominating structure in determining 
specificity. This also accords well with evidence from pneumococcal 
polysaccharides where observed cross-reactions are not always associated 
with terminal structures, e.g., L-rhamnose in the case of S II and S VI. 


ii. Somatic Antigens of Enterobacteria 


The family of Enterobacteriaceae comprises a number of different 
genera among which are Salmonella, Shigella, Arizona, and Escherichia. 
All its members are Gram-negative, rod-shaped bacteria, many of which 
are motile, and many of which have their natural habitat in the gut of man 
and animals. The Salmonella species have been subdivided into ‘serotypes’ 
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on the basis of their somatic (O) and flagellar (H) antigens. In the Kauff- 
mann-White scheme the serotypes are arranged in groups according to 
their common somatic antigens, one of the antigens in each group being 
specific for that group, e.g., 9 in group D (see Table X) [72]. The other 
O antigens present in a group are also found in other groups and cannot 
therefore be said to be group specific, but they indicate the likelihood of 
cross-reactions occurring between groups. The flagellar antigens are said 
to be species specific and any one organism may possess an antigen or 
group of antigens in either phase 1 or phase 2; it is then said to be in that 
phase. Generally speaking a culture of bacteria, though predominantly in 
one phase, will always contain some individuals in the other phase. Some 
species of salmonellae are monophasic, however, and do not have an 
alternative phase. More than 70 specificities associated with flagellar 
antigens of salmonellae have been described. In various combinations 
these provide the genus with a virtually unlimited number of ‘serotypes’ 
(species), and already over one thousand are defined. This brief résumé 
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simply indicates some of the vast complexities of the antigenic structure of 
this group of organisms and we shall now confine our attention to some of 
those somatic antigens associated with O specificity. 

Gram-negative bacteria are frequently characterized by their possession 
of a toxic component known as ‘endotoxin’. As the name implies, 
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endotoxins are an integral part of the cell; they are released in large amounts 
only after the death of the organism, in contrast to exotoxins which are 
released during life. A number of the more generalized manifestations of 
infection by enterobacteria are due to the action of endotoxins and can be 
elicited by the injection of killed bacteria. Endotoxins have occasionally 
found their way into water or saline used in the preparation of materials 
for injection or transfusion, and the mean pyrogenic dose has been 
estimated at 0-001-0:004 yg. per kg. body-weight in both man and rabbit. 

Endotoxins are part of the bacterial cell wall and can be extracted in the 
form of Boivin antigens by trichloroacetic acid. Composed of lipid, 
polysaccharide, and protein fractions, their interest for us stems from the 
fact that the polysaccharide moiety determines the specificity of the group 
antigens of salmonellae and related genera. A number of different methods 
is now available for obtaining serologically active preparations of poly- 
saccharide, either whole or slightly degraded [73]. The most refined 
preparations of polysaccharide, which by themselves are not immunogenic, 
have molecular weights of between 10,000 and 20,000, but in the form of 
the readily extractable lipopolysaccharide of between 1 and 5 million. 

Methods of chemical analysis have been supplemented during the past 
decade by biosynthetic studies, and in particular by the use of mutants in 
order to determine how changes in specificity are brought about. As a 
result considerable insight has been gained into the structures of O factors. 
For a more detailed account than is presented here the reader cannot do 
better than consult the authoritative review by Liideritz, Staub, and 
Westphal [73], who are among the leading workers in this field. 

Superimposed on the rigid framework of the cell wall of enterobacteria 
is a lipopolysaccharide—protein—phospholipid complex, the polysaccharide 
moiety of which largely, if not totally, determines O specificity. Qualitative 
chemical analyses of the O antigens of wild-type Salmonella strains show 
that they all contain five to eight sugars of which five are common to them 
all. This would suggest an inner core of five basal sugars on which are 
built carbohydrate structures specific for individual O factors. 

«. Basal Core Structure: The composition and structure of the basal core 
of O antigens has been studied principally in ‘rough’ mutants of salmonel- 
lae. Rough or R mutants arise spontaneously during laboratory cultivation 
and besides alterations in colonial morphology, agglutinability in saline, 
etc., they are found to have lost the O specificity of the parent strain and 
acquired a new ‘R’ specificity. Chemical analysis of R_ mutant poly- 
saccharides at first showed that they were all composed of the same five 
sugar units: a heptose, probably in the form of a phosphate ester, 2-keto-3- 
deoxy-octonate (K DO), glucosamine, glucose, and galactose. It is thought 
that all O antigens of salmonellae probably contain this core of basal 
sugars arranged in the form of a backbone of heptose and KDO, to which 
side-chains of glucose, galactose, glucose, and N-acetyl-glucosamine, in 
that order, are attached to one of the heptoses; a short side-chain of galac- 
tose is also linked to the first glucose unit (Fig. 13) [73]. The almost 
universal cross-reactivity of R mutants, irrespective of the wild-type 
parents from which they were derived, lends further support to this 
concept of a common structure to the inner core. Eventually, however, R 
mutants were found that lacked one, two, three, or four of the five basal 
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Fig. 13.—Possible structure of Salmonella O and R antigens. After Liideritz, 
Staub, and Westphal [73]. 


one, two, or three extra sugars. In the complete O antigen the core forms 
only a small fraction of the polysaccharide moiety and it is assumed that 
the major portion consists of chains of repeating oligosaccharide units 
containing the specific determinants (Fig. 14) [73]. Heptose and KDO 
have not been detected in this part of the molecule. 

In the Kauffmann-White scheme we have seen that Salmonella species 
are arranged on the basis of serotypes. It now becomes possible to 
rearrange them according to their content of Sugars. Kauffmann et 
al. [74, 75] have done this and find that all the members so far tested fall 
into sixteen ‘chemotypes’ (Table XT). The simplest of these, those that 
belong to chemotype I, yield only the five basal sugars on chemical analysis. 
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Chemotype I is therefore identical in qualitative composition with chemo- 
type Ra of the R mutants. The small number of cross-reactions between 
smooth strains of chemotype I and rough mutants of chemotype Ra is 
presumably due to the presence of additional oligosaccharide side-chains 
in smooth strains. In general, the higher the chemotype the wider is the 
variety of sugars, up to a maximum of eight (Table XT). 
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Fig. 14.—Schematic structural diagram of somatic Salmonella O polysaccharides. 
After Liideritz, Staub, and Westphal [73]. 


A number of interesting points arises from this arrangement into 
chemotypes. First, it will be noted from Table XJ that in a number of 
cases single chemotypes accommodate more than one serotype. Secondly, 
that the converse is not true; a serotype does not belong to more than one 
chemotype. This means that identical determinants are built on carbo- 
hydrate molecules of identical composition, and in all probability identical 
structure too. Thirdly, that three of the unusual 3,6-dideoxyhexoses are 
associated with those species most pathogenic for man, and with three of 
the most complex chemotypes (XIV, XV, XVI). Although two serogroups 
belong to chemotype XIV, no chemotype has more than one of these 
sugars; it follows that no serogroup can have more than one either. 

We no longer find it surprising that a number of serologically distinct 
substances have the same qualitative composition; it simply means that the 
constituent parts are arranged differently, sequentially or spatially. For 
instance, D-glucose and p-galactose can theoretically form more than fifty 
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Table XI.—CuemotyPes OF Salmonella. After Liideritz, Staub, and 
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disaccharide structures depending On whether they are in the form of 
Pyranoses or furanoses, «- or B-linked, and whether the link 18:1 <2 oh aires 
or 1:6. Which of these structures is actually formed depends on the relevant 
metabolic processes involved and on the stability of the resulting com- 
pound. Thus furanosides are less stable than pyranosides, so that in 
practice each theoretical possibility is not equally likely. 

However this may be, serological cross-reactions between salmonellae 
and related genera have been noted in cases where the qualitative com- 
position of their respective O polysaccharides is similar. It will be seen 
in Table XI, for instance, that chemotype Ra of R-forms is identical with 
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Table XII.—CueEmotyPes oF Escherichia coli. After Liideritz, Staub, and 
: Westphal [73] 
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Symbols as in Table XT. 
* The dideoxyhexosamines in these two columns are distinct. 


chemotype I of S-forms and cross-reactions between these two groups do 
occur. The influence of an uncommon sugar-like colitose would also be 
expected to have a disproportionately large effect, and though it is found 
in two serogroups, of chemotypes X and XI, it is of considerable interest to 
find that Escherichia coli types O 111 and O 55 belong to these same two 
chemotypes. Indeed, the close relationship between different genera of 
Enterobacteriaceae is reflected in the fact that 12 out of the first 13 chemo- 
types of salmonellae are the same as chemotypes of E. coli (Table XII) [73]. 

When we study the complex serological relationships within a genus like 
Salmonella we are faced with two possibilities. First, that cross-reactions 
are due to the presence of the same determinant structure in two distinct 
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species; and, second, that antiserum fails to distinguish between two similar 
structures. It should therefore be possible to relate serological differences 
to chemical differences, but the converse is not true since serological 
identity can mask chemical heterogeneity. In the Kauffmann-White 
scheme we find that a number of somatic factors is present in more than 
one serogroup and this is certainly an indication that at least very similar 
chemical groupings are present in the members of different groups. But, 
if we are to understand the real implications in chemical terms then we 
must take account of the fact that the serology of the whole genus has been 
built on the basis of antisera produced in the rabbit. The use of horse, 
goat, and hen antisera would probably have resulted in quite a different 
classification and almost certainly a less useful one from a diagnostic 
point of view because such antisera frequently react with monosaccharide 
units, whereas rabbit antibodies are never directed against a unit smaller 
than a disaccharide. 

Thus O factors in the Kauffmann-White scheme always represent deter- 
minants of at least this size, but since they may be bigger, anomalies can 
still arise. As an example we can cite factor 1 which is often found in 
association with other group factors, such as factor 19 of group E,. 
Serological studies with rabbit antisera indicate that the reaction with 
factor 1 is maximally inhibited by the disaccharide a-glucose-(1>6)- 
galactose, whereas the tetrasaccharide a-glucose-(1->6)-galactose-(1>6)- 
mannose-(14)-rhamnose is a much more potent inhibitor of factor 19 [73]. 
Similar observations have been made in the case of factors 1 and aw gah 
group G, and in group B where factor 1 can be differentiated into two 
specificities, | and 1,,. Like 19, 1,, has the terminal structure a-glucose- 
(1+6)-galactose to which is linked mannose and possibly rhamnose. That 
factors 1,,, 19, 37, and others that are associated with factor 1 can be 
distinguished serologically is presumptive evidence that in many cases the 
determinants of O antigens are at least tetrasaccharides. The main point 
of interest, however, is that factor 1 is a terminal disaccharide common to 
a number of other O factors, with which it is therefore found in association, 
and that it exists as a serological entity to some extent by virtue of the way 
in which the rabbit responds to antigenic stimuli. The analogy between 
this situation and the population of antibodies directed against different- 
sized determinants of dextran is obvious (see p. 48). 

Regardless of whether an antideterminant is directed against one, two, 
or more sugar units, uncommon sugars like the 3,6-dideoxyhexoses can 
reasonably be expected to have a strong influence on specificity. All the 
more Is this so when it is appreciated that this class of sugars is always 
terminally placed; a situation in which they would again be expected to 
exert a maximum effect, although this statement will be qualified later on. 
Deoxy- and to a greater extent dideoxy-sugars are lipophilic and it is 
tempting to speculate, as has been done, that this property is associated 
with increased pathogenicity. So far five out of the eight possible isomers 
have been found in bacteria, namely: abequose, colitose, paratose, 
tyvelose, and ascarylose—the last in Pasteurella pseudotuberculosis. The 
structures of these interesting sugars, only recently described in materials 


of biological origin, are shown in Fig. 15, where fucose and rhamnose are 
included for comparison, 
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As with the blood-group active substances, the chemical structure of the 
O-factor determinants has been studied by chemical analysis of poly- 
saccharide hydrolysates and by serological inhibition tests. The probable 
Structure of some of them is set out in Table XIII. Inspection of these and 
of the table of chemotypes will show that abequose and colitose are each 
found in more than one serogroup. Once again the distinction is made 
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with rabbit antisera, whereas strong cross-reactions can be obtained with 
horse and goat antisera. A remarkable similarity in composition and 
sequence can also be detected among the serogroups listed in Table XIII. 
In groups B, D, and E the sequence galactose-mannose-rhamnose recurs 
constantly, indicating that there may be a fairly close relationship between 
them. Studies of biosynthetic mechanisms leading to the production of 
these oligosaccharides suggest, however, that there are even closer relation- 
ships between groups A, B, and D [76]. 

The similarity of structures of O factors within a single serogroup is 
even more striking, and in many respects analogies can be found between 
the oligosaccharides of Salmonella O antigens and ABH blood-group 
substances. In both cases, for instance, several different specificities are 
carried on each polysaccharide molecule and they cannot be separated 
from each other either chemically or serologically. A sequential addition 
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of sugars leading to the formation of different specificities is also thought to 
occur in the case of Salmonella oligosaccharides [77], as well as those of 
blood-group substances. Workers in these two fields have interpreted 
their results rather differently when it comes to considering the way in 
which the respective determinants are arranged on oligosaccharide side- 
chains. In the case of soluble blood-group substances, carrying, for 


Table XIII.—PossisLE INCOMPLETE STRUCTURAL FORMULAE OF SOME 
Salmonella O FacToR DETERMINANTS. After Liideritz, Staub, and 
Westphal [73] 





O Factors | SEROGROUP OLIGOSACCHARIDE 

1 B, E,, G_ | «-Glucose-(1+6)-galactose 

lie B «-Glucose-(1—6)-galactose>mannose—rhamnose 

3 Bs rer Mannose—rhamnose— galactose 

4 B Abequose-(1—>3)-2-mannose-(1—4)-rhamnose 

8 CG. Abequose—> 

9 D Tyvelosemannose—rhamnose 
10 E, «-Acetylgalactose+mannose—rhamnose 
125 D a-Glucose-(1—>4)-«-galactose+mannose—rhamnose 
15 E 6-Galactose—mannose—rhamnose 


19 E, a-Glucose-(1—>6)-«-galactose-(1—6)-«-mannose- 
(1—4)-rhamnose 

a-Glucose-(1—4)-8-galactose-(1—6)-«-mannose- 
(1—4)-rhamnose 


Ww 
_ 

ies 
i) 


instance, A specificity, it is supposed that not all side-chains are completed 
so that, depending on the genetic pathway involved, H and Lewis specifi- 
cities may also be present on the shorter chains. Such chains are not 
necessarily serologically active perhaps because of steric hindrance by the 
longer A-specific chains. 

In the case of O factors of salmonellae there is evidence of a rather 
different mechanism in which different parts of a complete side-chain are 
thought to operate as determinants. If we take Salmonella group B as an 
example we find from the table of chemotypes that in addition to the basal 
sugars three others, D-mannose, L-rhamnose, and abequose, are present; 
and from the Kauffmann-White table that O factors 1, 4, 5, 12, and 27 are 
represented in the group. The situation is in fact a good deal more 
complex even than this would indicate because factor 4 can be subdivided 
into 4, and 4,, factor 1 into 1 and 1,,, and factor 12 into 12;, 12,, and 12,. 
With the exception of 12, all these (and others) are found in group B, 
though, as we shall see, they cannot all be present on the same oligo- 
saccharide unit. Fig. 16 [73] illustrates the way in which different deter- 
minants could be related to distinct, but sometimes overlapping, areas of 
oligosaccharide-repeating units. The thickness of the lines represents the 
affinity of specific antiserum for the corresponding part of the structure. It 
is clear from the diagram that abequose plays a dominant role in the 
specificity of factors 4, and 4,, factor 4 being the group-specific deter- 
minant. Factor 5 is at least a trisaccharide with acetylgalactose the 
dominant sugar, which would account for the absence of this factor in 
variants of group B in which the acetyl radical is missing. Mild acid 
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hydrolysis removes the acetyl group and also destroys factor 5 specificity. 
In group E, (3, 10), although a-acetyl-galactose is present, it is linked 1>6 
to mannose instead of 1-4 as in factor 5. The distinction between the 
subspecificities of factor 1 is also made apparent in the diagram, a di- 
saccharide constituting factor 1 and at least a tetrasaccharide in the case of 





5 


Fig. 16.—Diagrammatic arrangement of immunodominant sugars in group B 
salmonellae. After Liideritz, Staub, and Westphal [73]. 


factor 1,,. Though abequose does not seem to be part of the determinant 
of 1,,, serologically this factor does not behave in quite the same way in 
groups B and D, presumably because in the latter tyvelose replaces 
abequose. It would appear to be impossible to have the specificities of 
factors 1 and 12, on the same oligosaccharide unit since factor 1 is 
associated with a 1-6 link between glucose and galactose and factor 12, 
with a 1-4 link. 

Liideritz, Staub, and Westphal [73] are insistent that ‘the sugar com- 
ponent of O factors best adapted to the specific sites of antibodies. . . is 
not necessarily a non-reducing terminal sugar’. Here lies the main 
difference in outlook of workers in the fields of blood-group serology and 
bacterial polysaccharides. The point is rather well illustrated in the case of 
bacteria by factor 34 of group E; where glucose is the best monosaccharide 
inhibitor of the 34-anti-34 system, but the heptasaccharide 


Gal—Man—Rha->Gal—Man->Rha 
* 
Glu 
inhibits better than the tetrasaccharide 
Gal—-Man-—->Rha, 
* 
Glu 
although glucose is strictly terminal only in the latter. Similar phenomena 
have been observed with pneumococcal polysaccharides [78]. Liideritz 
et al. [73] have coined the term ‘immunodominant sugar’ to describe 
those monosaccharides that display the greatest affinity for specific anti- 
body since ‘terminal sugar’ which used to carry this connotation no 
longer seems adequate. 

Notwithstanding the repeating nature of the side-chains attached to the 
pentasaccharide core, it is not to be supposed that all identical structures 
along a side-chain are serologically active because steric hindrance will 
prevent antibody coming in contact with all of them. This is borne out 
experimentally by the observation that only a few antibody molecules 
react with each polysaccharide molecule. 
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y. Lysogenic Conversion: The antigenic structure of bacteria is an 
inherited character and subject to mutational change in just the same way 
as any other recognizable character. Alteration of the genetic apparatus 
is not necessarily an endogenous process, however, but may result from the 
introduction of genetic material from without. a 

The classic example of this kind of induced variation is the transforma- 
tion of a rough pneumococcus of one type into a smooth pneumococcus of 
another type by exposing the former to suitable extracts of the latter. The 
transforming principle has been identified as DNA, so that we can say that 
a genetic unit from, say, a type III pneumococcus has been incorporated 
into one of, say, type II origin and has transformed it into type III. 

Nuclear material can also be carried into bacterial cells by viruses. Such 
viruses, or bacteriophages, may be either virulent, in which case they kill 
the infected organism, or they may be temperate and have no immediately 
lethal effect on the host. Under certain conditions temperate phages 
become virulent and bacteria carrying them are therefore called ‘lysogenic’. 
Some strains of temperate phages that infect salmonellae have been shown 
to induce antigenic changes in their hosts, and such a process is referred to 
as ‘lysogenic conversion’. 

As an example we can take the conversion of Salmonella uganda of sero- 
type E,. Exposure of this organism to autolysates of salmonellae in group 
E, containing the temperate phage e-15 converts S. uganda into S. newing- 
ton. The antigenic expression of this change is from somatic factors 3, 10 
to factors 3, 15; and chemically the change is from a terminal a-acetyl- 
galactose to B-galactose (Table XIV). By a similar process the temperate 
phage «-34 converts S. newington, 3, 15 into S. illinois, (3), (15), 34, the 
chemical equivalent in this case being the addition of a terminal glucose 
(Table XIV). 


Table XIV.—MOobpIFICATION OF ANTIGENIC DETERMINANTS BY 
LYSOGENIC CONVERSION 
ee eS eee 


Salmonella | ANTIGENIC 


SPECIES FACTOR STRUCTURE OF DETERMINANT 
Bs idee ae 10 a-Acetylgalactose-(1—6)-«-mannose-(1—>4)-rhamnose—> 
S. newington 15 6-Galactose-(1—>6)-«-mannose-(1->4)-rhamnose-> 
S. illinois (3), 34 a~Glucose-(1->4)-8-galactose-(1->6)-«-mannose-(1->4)- 
15), 34 rhamnose— 


Fee 


The precise mechanism by which phages induce these alterations is not 
known. It must be presumed, however, that the action is highly specific 
and that phage «-34 is not capable of inducing the appearance of factor 34 
in members of any serological group; the cell itself must have the capacity 
to be infected (and changed) by a particular phage. It is all the more 
interesting then to find that after conversion of members of groups A, B, 
and D, by phage 27 they all acquire a new factor, D 27, and now cross- 
react with salmonellae of group E. This not only substantiates the close 
relationship between groups A, B, and D,, but also indicates a much 
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closer relationship between groups D, and E than is apparent from an 
inspection of the Kauffmann-White scheme, in the sense that the bio- 
synthetic pathway of group E organisms could resemble that of groups A, 
B, and D. Lysogenic conversion thus not only tells us something about 
the relationships of factors within a serogroup, but also about relationships 
between groups. 

8. Classification: In hierarchical classification systems we are always 
searching for the most fundamental properties of the members of a group 
in order that we may arrange them in a systematic fashion. Rather 
naturally the tendency nowadays is to give greatest weight to properties 
that are a direct reflection of genetic constitution. For the reasons already 
advanced a number of times we can regard the Kauffmann-White scheme, 
based as it is on antigenic characters, as a genetic classification, albeit 
somewhat incomplete. To what extent it is justifiable to base a classifica- 
tion on the structure of a few molecules remains debatable. The tabulation 
of salmonellae and escherichiae into chemotypes would seem to be less 
helpful in the context of classification, especially as in both genera a 
number of serogroups fall into the same chemotypes. What this arrange- 
ment has done is to pinpoint similarities and differences between species 
and genera, and to indicate areas in which a search might be made for 
hitherto unsuspected relationships. 

Much has been learned of the antigenic structure of Enterobacteriaceae 
by the study of their serological reactions and by lysogenic conversion, 
but the ultimate goal in this respect must be the definition of chemical 
structure and the metabolic pathways by which such structures are formed. 
Though a formidable task, even considering just the salmonellae, the 
possibilities of such an approach are already apparent. To what extent 
the other members of the Enterobacteriaceae could be fitted into the same 
system of classification remains uncertain. The fact that Escherichia and 
Salmonella species have nine chemotypes in common suggests that some 
members of these two groups of organisms may be more closely related than 
was thought to be the case. As yet, however, it is only in salmonellae that 
one important part of polysaccharide molecule, the basal core, has been 
studied in any detail, and if major differences were discovered here it 
would suggest that these two genera should still be kept separate. 


C. Lipid Antigens 
1. NOMENCLATURE AND STRUCTURE 


Lipids are either simple or compound. Simple lipids are neutral oils, 
fats, and waxes of animal and vegetable origin. Oils and fats consist 
mainly of triglycerides formed from three molecules of fatty acid and one 
of glycerol. Waxes are fatty-acid esters of the higher alcohols of the methy] 
alcohol series. We are not much concerned with simple lipids as such since 
they appear to play little or no part in immunological reactions. 

Compound lipids are again subdivided into phospholipids (phosphatides) 
and glycolipids. The classification and nomenclature of these compounds 
are rather more confused than those of simple lipids; named substances or 
classes of substances are frequently composed of bases and fatty acids of 
different chain length and degree of saturation. 
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Phospholipids are derivatives of phosphatidic acid and are essential 
components of vegetable and animal cells. Among the best known are 
the lecithins, containing two fatty acids, glycerol, and a phosphatidyl 
choline group (Fig. 17). In other closely related compounds the choline 
base is replaced by ethanolamine or the hydroxy-amino-acid serine 
(CH,OH:CH(NH,):COOH). Lecithin is of peculiar interest in that it was 
used in the old experiments on combination immunization (see p. 80). 


CH,:0-CO-R, 
CH-0:CO:R, 


I 
CH,: O-P-0-CH,: N*(CH3)3 
ce 
Fig. 17.—Lecithin. 


A separate category of substances are the so-called ‘sphingolipids’, 
a biologically important group of compounds distinguished by their 
content of sphingosine and numbering among their members both 
phospholipids and glycolipids. Sphingosine is a long-chain aliphatic 
hydrocarbon with an amino group at carbon 2, through which it is linked 
to a fatty acid to form a ceramide. Lignocerylsphingosine is a ceramide of 
liver (Fig. 18). Sphingomyelin, one of the three important sphingolipids, 
is present in the myelin sheaths of nerves. It is a ceramide (N-acyl- 
sphingosine) to which phosphorylcholine is attached at carbon 1 of 
sphingosine. An immunological role for sphingomyelin has not been 
demonstrated as yet. 


CH: (CH,),2* CH = CH: CH: CH- CH,OH Sphingosine 
pepper Se eee rs ak ae a ee 
bo 
bw. 
CH, 


Fig. 18.—Ceramide. 


As the name implies, glycolipids contain a carbohydrate moiety. Many 
of them are ceramides and therefore contain sphingosine. The fatty-acid 
component 1s very variable and though this is doubtless biologically 
important, it has little or no influence on immunological specificity, as we 
eney from Landsteiner’s work on fatty acids (q.v.), and as we shall see 
ater. 

Glycolipids have been authoritatively reviewed recently [79]. The 
authors state, “their nomenclature is both confusing and contradictory’. 
Before discussing in somewhat more detail the immunologically important 
glycolipids, we would mention the glycosyl glycerides of plants and algae, 
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which because of their sugar content might be expected to determine 
Specificity; if so, their immunological study could contribute to better 
understanding of their biochemistry. The same can be said of the unusual 
phytoglycolipids, also of plants, that combine the structural features of 
glycolipids and phospholipids. The lipids of mycobacteria too have long 
excited curiosity and a number have been more or less characterized. The 
relatively insoluble wax D is apparently a mucolipid (see /ater); the type- 
specific mycosides are glycolipids, and have a characteristic O-methylated- 
deoxy-hexose terminal sugar; and the almost unique, so-called ‘ phospho- 
lipids’ of mycobacteria are, like the phytoglycolipids above, both 
glycolipids and phospholipids. They carry a terminal mannose structure. 

Glycolipids of mammalian tissues are based on the ceramide structure 
and are frequently referred to as glycosphingolipids. The carbohydrate 
component is attached through carbon 1 of sphingosine (see Fig. 18). 
Hexosamines and sulphate esters of hexose sugars are commonly found in 
the carbohydrate moiety. So far as we are aware, no immunological work 
has been done with these sulphate esters, but in view of the strong influence 
of acid radicals that Landsteiner detected in haptens, one would expect 
them to play an important role. 

Cerebrosides are the simplest of the glycolipids: they consist of ceramide 
with an additional hexose sugar. Naturally occurring ceramide-mono- 
hexosides are either gluco- or galactocerebrosides. They are character- 
istically found in the white matter of brain and in the myelin sheaths of 
nerves; they also occur in the leaves of plants. The principal fatty-acid 
components of cerebrosides vary in chain length at least from C,, to Cy4; 
minor components vary in chain length, hydroxylation, and degree of 
saturation. An example of an immunologically active cerebroside is 
kerasin (phrenosin) which is N-lignoceryl-galactosyl-sphingosine. 

Ceramide-oligosaccharides have two or more hexose units. Nomen- 
clature has been complicated by the introduction of the term ‘cytoside’ for 
ceramide-disaccharides. Ceramide-trisaccharides have been isolated from 
blood serum and normal human kidney. Hexosamine and sulphate-ester 
derivatives could also be included in this group. Cytolipin K, an antigen 
found in tumour tissues, is a ceramide-trihexoside-galactosamine; and 
globoside, abundant in red-cell stroma, is chemically N-acetyl-galactos- 
aminoyl-(1>6)galactosyl-(1+4)galactosyl-(1+4)-glucosyl-ceramide. The 
wide-ranging function of these glycolipids, and the specificity they display, 
are suggested by the fact that a red-cell receptor for haemagglutinating 
enterovirus has been identified as a ceramide-trihexoside-galactosamine. 

Gangliosides are still more complex, and besides glucose, galactose, and 
galactosamine, in varying proportions, contain sialic acid. Sialic acid is the 
generic name for N-acyl-neuraminic acid; the acyl radical being N-acetyl, 
diacetyl, or glycolyl. Gangliosides are thus sialic acid containing glyco- 
sphingolipids. The four major gangliosides isolated from human and 
bovine brain have a common basic structure: galactosyl-N-acetyl-galactos- 
aminoyl-galactosyl-glucosyl-ceramide, to which one to three molecules of 
sialic acid are attached. 

Gangliosides are characteristically obtained from ganglion cells of grey 
matter, but are also found in other organs, e.g., bovine spleen, red blood- 
cells. There is some evidence that in brain tissue they are present as 
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macromolecular polymers of the basic unit. It is a matter of pure specula- 
tion whether these large structures are necessary for the specialized 
functions of ganglion cells. ' 

Finally there are the mucolipids, which like the endotoxins of Gram- 
negative bacteria contain lipid, carbohydrate, and peptide fractions. They 
differ from mucoids (mucoproteins) in having a lipid part, and from 
glycolipids in having a polypeptide part. They are soluble in water like the 
former and in organic solvents like the latter. 

Mucolipids are of interest immunologically since the Forssman antigen 
would appear to be such a substance (see HETEROPHILE ANTIGENS, p. 86). 

Complex lipids thus constitute a series of substances of increasing 
complexity and size, beginning with monomeric cerebrosides, through 
gangliosides, to mucolipids. In the last category a glyco-lipo-sialo-protein 
with enzymic properties has been described in which it is suggested that 
the high molecular weight is not a consequence of polymerization but of 
true chemical union, linking together sialic acid-rich gangliosides [80]. 


2. ANTIGENICITY OF LIPIDS 


Early work with lipids soon demonstrated that they were neither very 
antigenic nor very specific. The latter gave rise to the concept of “ubiqui- 
tous’ lipids. It was shown, however, that lipid haptens could be converted 
into complete antigens simply by mixing them with proteins in vitro. 
Stimulation of antibody production by such mixtures has been called 
‘immunization by combination’; the antibodies produced react with both 
lipid and protein moieties. 

Immunization by combination differs from other procedures in a 
number of ways. (1) The activating protein must be antigenic itself. It 
must normally be derived from a donor of different species from the 
recipient, which is not the case when haptens are attached to protein 
by substitution and conjugation methods. (2) Activation takes place on 
simple mixing of protein and lipid in vitro, though not if they are injected 
separately. (3) Immunization is successful only with alcohol-soluble 
substances, e.g., with a Forssman hapten obtained by alcoholic extraction 
of horse kidney, or with chemically well-defined substances such as phos- 
phatides. Other kinds of haptens, e.g., polysaccharides, must be conjugated 
with proteins in order to become complete antigens. 

It was shown many years ago that lipids were activated by adsorption to 
particulate matter such as kaolin, charcoal, etc., as well as by combination 
with proteins [81]. These experiments were performed with chemically 
undefined lipids. Recently it has been demonstrated that the glycolipid of 
myelin, in the form of crude extracts of brain, spinal cord, and nerves, can 
also be made immunogenic by the addition of Freund’s adjuvant, whereas 
the chromatographically pure cerebroside needs both Freund’s adjuvant 
and some other protein to make it strongly immunogenic.. 

The lipids of serum can be extracted with organic fat solvents without 
any loss or change of antigenicity in the serum lipoproteins, which suggests 
that their specificity is not influenced by the lipid fraction. The lipid A and 
B fractions of Boivin antigens (endotoxins) too are not necessary for their 
specificity. It is easy enough to account for specificity in such antigens by 
implicating carbohydrate and polypeptide determinants, but in the older 
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work quoted above neither antigenicity nor specificity can be explained so 
easily. Admittedly extracts of tissues made with organic solvents contain a 
wide variety of lipids, perhaps including both glycolipids and mucolipids, 
but in other cases phosphatides, e.g., lecithin, have been used 
for immunization by combination. If there is any degree of specificity 
displayed by such substances it seems unlikely that it would be due 
to the long-chain fatty-acid moieties, since they have an essentially 
monotonous structure. In the case of lecithin (Fig. 17) the phosphatidy]- 
choline group could perhaps be implicated in the determinant. However, 
the outstanding case of specificity associated with a phospholipid is 
cardiolipin. 

Cardiolipin is the active principle in tissue extracts used as ‘antigens’ in 
the Wassermann and other reactions for the detection of antibodies in 
syphilitic sera. It is of interest that the sensitivity of such tests is enhanced 
by the addition of lecithin and cholesterol to the tissue extracts or to 
cardiolipin itself. The general formula of cardiolipin is shown in Fig. 19, 
where R indicates the acyl radical of a fatty acid. In ox-heart cardiolipin 
80 per cent of the fatty acid is in the form of linoleic acid. In comparative 
tests with ox-heart and synthetic cardiolipin no significant difference in 
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Fig. 19.—Cardiolipin. After Grey and Macfarlane [82]. 


reaction was found, although the latter contained stearic and oleic acids in 
equimolar amounts instead of linoleic acid [83]. This would seem to 
indicate that in the phospholipids we have a class of substances in which 
neither carbohydrate nor oligopeptide structures play any part in deter- 
mining specificity. ; iets 

Lipids are widely distributed in tissues, and indeed in living matter as a 
whole, and since the greater part of the molecule appears to exert no 1n- 
fluence on specificity, little room is left in the remainder of the molecule 
for chemical and immunological variation, and presuming the major 
biological role of lipids is inherent in their lipidic properties there would be 
little necessity for variation as well. Perhaps it is for these reasons that 
antisera to lipids obtained from any one organ display such a broad 
spectrum of reactivity towards lipids derived from other sources, and 
which earned lipids the title ‘ubiquitous’ with an older generation of 
immunologists. 
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3. GLYCOLIPIDS OF TISSUES 


Glycolipids are now an active area of investigation because of an 
increasing awareness of their biological importance. Though many of 
their functions remain obscure, their presence in large amounts in central 
and peripheral nervous tissues indicates that they play a major role in the 
proper functioning of these structures. In some form, too, they are present 
in all types of cells, and gangliosides in particular have remarkable 
properties. They can associate with both hydrophilic and hydrophobic 
groups, can form micelles at very low concentrations, and are present in 
relatively high concentrations in mitochondrial and microsomal fractions. 
There and in cell membranes they may have special functions. There is 
already some indication that gangliosides are concerned in the active 
transport of acetylcholine from synaptic vesicles, and that they are 
involved in the active transport of calcium by serotonin through the cell 
membrane. In higher mammals the pattern of gangliosides is more 
complex than in lower ones, though differences in the various anatomical 
regions of the brain have not so far been found. It is to be hoped that the 
immunological study of glycolipids, and especially of gangliosides and 
mucolipids, will contribute to a better understanding of the structure and 
functioning of the brain. 

Cerebrosides, ceramide-oligosaccharides, and gangliosides probably all 
function as antigens under certain circumstances and more generally as 
haptens. An immunological background involving glycolipids in the 
pathogenetic mechanisms of a number of pathological processes is being 
reported with increasing frequency. For instance, anticerebroside anti- 
bodies have been found in the serum and cerebrospinal fluid of rabbits 
with experimental ‘allergic’ encephalitis [84, 85]. It has been shown too 
that kerasin (phrenosin) is one of the organ-specific haptens of brain [86], 
and that anti-brain serum reacts with natural and synthetic galactocere- 
brosides providing they are properly combined with auxiliary lipids such 
as lecithin and cholesterol. Since the simplest ceramide-glycosides can 
function as haptens, and the role of carbohydrates as antigenic deter- 
minants is now well documented, it is not too far fetched perhaps to 
speculate that all glycosphingolipids are haptenic and that their specificity 
is determined by the carbohydrate moiety. 

That this is so in a number of instances has already been shown. In the 
case of cerebrosides, distinct serological specificities characterize different 
ceramide-monosaccharides [86]; also serological activity remains with a 
sphingosine-galactoside moiety when the fatty acid is split off a cerebro- 
side [85]. Rapport et al. [87] have obtained similar evidence about 
cytolipin‘H’, a ceramide-oligosaccharide derived from human tumours. 
Serological inhibition tests indicate that the specificity of cytolipin ‘H’ 
is due to lactose. This is confirmed by the finding that antiserum to a 
protein-azophenyl-lactose antigen cross-reacts with cytolipin ‘H’; and that 
synthetic ceramide-lactose, tested with adequate amounts of auxiliary 
lipids, reacts in essentially the same way as the natural substance. Finally, 
it would seem that in more complex gangliosides carbohydrates again 
determine specificity; in this case galactose and N-acetylneuraminic acid 
are incriminated. It is of interest, however, that NANA is also present in 
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ABH blood-group substances but has not been identified as part of the 
determinant in that system. 

We are bound to conclude that differences in carbohydrate composition 
determine the major serological distinctions in this group of organic 
molecules, and that differences in chain length in the fatty-acid com- 


ponents play relatively little, if any, part as was foreshadowed by Land- 
steiner’s work (see p. 42). 


4. GLYCOLIPIDS OF RED BLOOD-CELLS 


It has been known for some time that blood-group substances are 
present in human beings in two forms: that is to say, in a water-soluble 
form in secretions and in an alcohol-soluble form in red blood-cells. 
Because the water-soluble substances were readily available in large amounts 
most of the early work on the structure of determinants, etc., was confined 
to this material. In recent years, however, methods have been devised for 
extracting blood-group substances from erythrocytes and a start has been 
made in determining the structure of blood-group antigens on the surface 
of red cells and elucidating the genetic pathways through which they are 
elaborated. 

All the active extracts contain residues of glucose, galactose, glucos- 
amine, galactosamine, fucose, sialic acid, sphingosine, and fatty acid. 
Lignoceric (CH;(CH,).,COOH) and behenic (CH,(CH,),,COOH) acids 
are the major fatty-acid components. No amino-acids have been detected. 
The terminal sugars characteristic of soluble A and B_ blood-group 
substances are therefore present in red-cell glycolipids, though it must be 
admitted that a large part of isolated glycolipids do not possess any ABH 
specificity: for instance, the globoside mentioned earlier under ‘ceramide- 
oligosaccharides’, even though the terminal sugar is GNAc and might be 
expected to carry A specificity. This can still be explained by invoking 
structural differences in the two oligosaccharide chains. On the other 
hand, anti-Aye1, a snail extract with anti-A-like specificity, is thought to 
react with all structures possessing terminal GNAc, but unexpectedly fails 
to do so with the above globoside. It has been suggested that this is 
because GNAc, though terminal, is so built into the molecule that it is 
serologically unavailable [88]. That identical structures are present in 
red-cell glycolipids and soluble substances is suggested by the following 
immunological evidence. 

a. Antisera prepared against A-specific soluble substance or red-cell 
antigen give lines of coalescence in gel-diffusion tests when tested with both 
antigens. The same is true of anti-B sera and B antigens. This is generally 
regarded as evidence of serological identity, and therefore of a common 
determinant structure. ; 

b. Precipitation of both A-active glycolipid and A-active mucopoly- 
saccharide by the lectin of D. bifforus is inhibited by N-acetyl-galactos- 
amine. Similarly rabbit antisera to both substances are inhibited by 
identical disaccharides. ye 

c. The blood-group activity of A-active glycolipid and of A-active 
mucopolysaccharide is destroyed by the specific enzyme of Trichomonas 
foetus, and in both cases the action of the enzyme Is inhibited by N-acetyl- 
galactosamine. 
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d. After treating A substance from both red cells and secretions with 
enzymes from T. foetus, strong cross-reactions are observed with pneumo- 

ccus type XIV antigen. ; 
ie ieee tee aiiionte that at least the terminal disaccharide of 
A-active mucopolysaccharides and glycolipids is identical, and the same is 
probably true of B substances [47]. 

The essential difference between blood-group substances in secretions 
and red cells is thus seen as lying in the fraction to which the carbohydrate 
portion is bound: ceramide in the case of red cells, and polypeptide in the 
case of secretions. This arrangement in red cells receives further support 
from the finding that red-cell stromata from which the glycolipid is 
extracted concurrently lose most of their blood-group activity. A provi- 
sional formula for glycolipid from human red blood-cells is shown in 
Fig. 20. It differs from the formula of tumour glycolipids only in that R 
represents the carbohydrate structure characteristic of the various blood- 
group specificities. 


Sphingosine-R 
Lignoceric acid 


Fig. 20.—General formula for red-cell glycolipids. 


As with mucopolysaccharides the overall chemical composition of 
glycolipids does not tell us much about blood-group specificity. Pre- 
sumably here again specificity is due rather to differences in sequence and 
spatial arrangement. Further, it would seem that even within a single 
individual the fatty-acid composition of blood-group active glycolipids of 
red cells may differ: another pointer to the serologically inert nature of 
this component. 

The serological activity of isolated glycolipids in aqueous solutions 
depends on their state of dispersion. On purification they may become 
inactive in inhibition tests, though remaining active in precipitation 
reactions. This can be satisfactorily explained by postulating that the 
‘avidity’ of the glycolipid preparation is insufficient to compete with the 
more complementary native red-cell antigen in the inhibition reaction. 

It is well known that the immunological activity of cardiolipin is 
greatly enhanced by the addition of lecithin and cholesterol in suitable 
proportions, and we have seen that the same is true for cerebrosides. A 
similar situation seems to obtain in the case of red-cell glycolipids [89], 
and attempts are also being made to produce antibodies against purified 
blood-group active glycolipids of red-cells [90]. 

Molecular weights of blood-group active glycolipids are still not known, 
but the state of aggregation is certainly of great importance for serological 
activity. Red-cell glycolipids have been separated into two fractions, C I 
and C If [89]. Though serologically inert, fraction C I acts as a “carrier’ 
for CII: in other words, as an auxiliary lipid. Its action is not specific 
since carrier from A substance will also activate B substance. 

Red-cell glycolipids can also be divided into methanol-soluble and 
methanol-insoluble fractions. The latter is a hundred times more active 
in inhibiting haemagglutination by specific antiserum than the former. 
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The insoluble fraction has a sedimentation coefficient of 64-705, corre- 
sponding to a state of high aggregation. It is equally active serologically 
with and without the carrier CI. On the other hand, the serological 
activity of the methanol-soluble fraction is increased by combination with 
the carrier, and it has a sedimentation constant of only 11-98. Combina- 
tion of soluble and insoluble fractions decreases the sedimentation 
coefficient of the latter to 28-2 and its serological activity is also decreased, 
presumably as a result of disaggregation. This dependence of serological 
activity on a high level of aggregation is also shown by the fact that a 
disaggregated complex is reactivated by the carrier. It is probably also a 
much more general phenomenon since the dependence of serological 
activity on degree of aggregation has been noted with Forssman antigens 
and with various cytolipins. 

Blood-group substances from secretions and red cells differ in a number 
of respects other than those mentioned so far. 

a. Glycolipid blood-group substance contains much less fucose than 
the active mucopolysaccharides of secretions, and indeed no H activity is 
found in isolated glycolipids of A, B, and O cells when they are tested with 
animal or human sera, or with lectins. It is possible that in red cells H 
antigen is a mucopolysaccharide; alternatively, it is a glycolipid not 
extractable by the methods in use at the moment. It is also possible that in 
red cells A and B substances are formed directly from precursor substance, 
in contrast to the postulated sequence of events in secretions. If this is so, 
it will not prove possible to unmask H substance in A and B glycolipids 
by enzymatic action. There can be no doubt that H antigen is present, to a 
greater or lesser degree, in A, B, AB, and O red cells. However, it has not 
appeared as a serological entity in the red-cell extracts that have been 
studied so far. 

b. The somewhat lower serological activity of red-cell glycolipids 
compared with mucopolysaccharides of secretions is perhaps due to 
some of the determinants in the former being buried within the micelles. 

c. Delayed hypersensitivity reactions have not been obtained with 
blood-group glycolipids, presumably because the antibodies responsible 
for this type of reaction are mainly directed against the polypeptide moiety 
of blood-group active mucopolysaccharides. 

d. Water-soluble blood-group substance of individuals of group AB is 
precipitated by either anti-A or anti-B sera, i.e., both A and B reactive 
sites are present on the same molecule. It has been suggested that the A 
and B activities of purified glycolipids of AB red cells can be separated. If 
confirmed, this would imply that the antigenic sites on human blood-cells, 
which are governed by alleles at the same locus, are on different molecules. 
This is probably also the situation in the serum gamma-globulin groups of 
rabbit and man. 

e. Some enzymes that inactivate water-soluble ABH blood-group 
substances by splitting off certain sugars do not attack blood-group 
specific glycolipids in the intact cell. 


5. GENETIC CONTROL OF RED-CELL GLYCOLIPIDS 


If it is true, as suggested above, that A and B substances of red cells are 
not formed through the intermediary of H substance, then an element of 
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uncertainty is introduced if we try to apply the proposed genetic pathways 
of blood-group substances in secretions to red cells. Along these lines 
Wiener [91] suggests that H substance is not a precursor for A and B 
substances, and that all three compete in parallel for a common precursor. 
On the other hand, Kriipe [92] has modified the current hypothesis of 
sequential addition of sugars to accommodate the formation of A and B 
red-cell glycolipids with the previous formation of H. He assumes the 
production of an H determinant in red cells, governed by an O gene, that 
differs from the H of secretions in possessing additional structures charac- 
teristic of O specificity. 

It is evident that until the discrepancy between the presence of H 
antigen on red cells and its absence in red-cell extracts is resolved a 
definitive account of genetic pathways cannot be given. Nevertheless, 
because so much is already known about blood-group substances, both 
chemically and immunologically, and because their hereditary transmission 
can be studied so easily, it can be readily appreciated that they provide an 
exceptionally useful tool for the study of human genetics, and that this 
usefulness will be enhanced when the genetic pathways through which 
these substances are governed are fully known. 


D. Heterophile Antigens 


Cross-reactions between phylogenetically unrelated antigens have 
frequently been observed. Initially, therefore, they have the appearance of 
being non-specific reactions. The antigens involved are known as hetero- 
phile antigens, of which the best known example is the Forssman antigen. 
The presence of this antigen is inferred when antisera to unrelated antigens 
are shown capable of lysing sheep red cells in the presence of complement. 
We would not nowadays accept that such reactions were non-specific, but 
rather that they were manifestations of the presence of the same, or 
nearly the same, determinants on otherwise unrelated antigens. 

The somatic antigen, O 5, is apparently responsible for the Forssman 
specificity exhibited by some salmonellae. This is just one link in the long 
chain of evidence that suggests that the determinant of the Forssman 
antigen is a carbohydrate structure. However, the search for a single 
Forssman antigen may well be doomed to failure since it is not to be 
supposed that the surface of the sheep red cell carries a single antigenic 
specificity [93]. 

A number of heterophile antigens, of quite different specificities, are 
widely distributed in nature and it is probably better to eschew the term 
‘Forssman antigen’ in the generic sense altogether, and simply include this 
early example in the general category of heterophile antigens. 

The presence of Forssman antigen in human tissues has been widely 
reported. Cross-reactions between this antigen and human blood-group A 
substance is said to be due to sharing a common disaccharide, «-N-acetyl- 
galactosaminoyl-(1—3)-p-galactose [94]. It is small wonder then that a 
‘ purified’ Forssman hapten derived from pooled sheep red blood-cells was 
found to contain, as the principal ingredients, galactose, galactosamine 
lignoceric acid, and sphingosine [95]. » 
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CHAPTER 3 


IMMUNOGLOBULINS 


By E. R. GoLpD AND D. B. PEAcocK 


I. Introduction 

If. Pathological immunoglobulins: Prototypes of immunoglobulin structure 
Ill. Animal immunoglobulins 
IV. General structure 


V. Detailed structure and antigenic composition 
A. Structure of light chains 
B. Structure of heavy chains 


VI. Subdivisions of immunoglobulin classes 
VII. Evolution and control of immunoglobulin structure 


VIII. Biological properties of immunoglobulins 
A. The whole molecule 
B. The combining site 


I. INTRODUCTION 


IN the past serum proteins associated with antibody activity have been 
grouped together under the general heading of ‘gamma-globulins’. This 
expression arose as a result of the electrophoretic separation of serum 
proteins into fractions of varying mobility (Fig. 21). In a hyperimmune 
serum antibody activity is located mainly in the gamma-globulin peak. 
Though electrophoresis is a highly sensitive technique for the separation of 
proteins, it is to some extent inappropriate for separating antibody 
molecules. With the advent of immuno-electrophoresis a different order of 
resolution became available. The gamma-globulins could now be distin- 
guished on the basis of their antigenic structure as well as their electro- 
phoretic mobility (Fig. 22). It immediately became apparent that old 
boundaries were crossed and that the principal antibody component of 
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hyperimmune sera formed a homogeneous whole that ran right through 
the gamma-globulin peak and into the beta-globulin region, as judged by 
the appearance of a continuous line of precipitation. As the properties of 
antibody molecules became better known, a nomenclature that separated 


albumin 





globulins 








Fig. 21.—Outline of the electrophoretic pattern of serum proteins in a hyperimmune 
serum. 


IgA IgG 


Orme 


Cathode Anode 
+ a 


Polyvalent anti-IgG, IgA, IgM 


Fig. 22.—Illustration of the resolving power of immuno-electrophoresis for 
immunoglobulins. 


them on the basis of a single character, namely the electric charge they 
carried, became less and less acceptable. The expression ‘immunoglobulin’ 
was coined and is now in general use. It is a term born, one might say, of 
the ‘immuno-chemical’ approach, and under such a heading we can 
accommodate not only antibody molecules of all classes but also those 
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chemical substances belonging to the same general category which do not 
necessarily display antibody activity. Since a great deal of what is known 
about the structure of antibody molecules is inferred from a study of 
myeloma proteins, and it was not certain initially that these proteins 
may possess antibody activity, it can be seen that discussion was greatly 
facilitated by a generic term that carried no special meaning in some 
allied discipline. 

Examination of the serum of animals by electrophoresis during the 
course of immunization sometimes reveals an increasing proportion of a 
component, variously termed £,M or y,, that migrates rather faster than 
the gamma-globulins. The M of £,M stands for ‘macroglobulin’, and 
molecules with a sedimentation constant 19S and molecular weight 900,000 
are associated with this fraction. The principal antibody fraction of 
hyperimmune sera associated with gamma-globulin mobility has a sedi- 
mentation constant of 7S and molecular weight of 160,000. 

Following the introduction of immuno-electrophoresis [1] a third still 
faster, but antigenically related, immunoglobulin was detected and 
labelled y,, or B.,. Though this immunoglobulin tends slightly to poly- 
merize in serum and occurs in quite a different form in the secretions of 
exocrine glands, the basic unit is scarcely different from the gamma- 
globulins. 

Consequent upon the general adoption of the term ‘immunoglobulin’ 
a new nomenclature was proposed in which the prefix y or Ig stood for 
immunoglobulin and a suffix denoted the particular class of immuno- 
globulin. Thus the 7S, 160,000 M.W., gamma-globulins became IgG or 
yG, the macroglobulins became IgM or yM, and the third class of 
immunoglobulins, IgA or yA [2]. Synonyms of the old and new nomen- 
clatures are set out in Table XV which has been adapted from the proposals 
of the W.H.O. committee on the nomenclature of immunoglobulins [2]. 
Apart from the three classes of immunoglobulin already mentioned, two 
other classes of human immunoglobulin, IgD [3] and IgE [4], are now 
known. 

Some of the main characteristics of immunoglobulins of the five known 
classes are shown in Table XVI. The values given for IgA are appropriate 
to serum immunoglobulin only. The form found in seromucous secretions 
has a sedimentation coefficient of 11S and consists of two 7S units associ- 
ated with another fragment called transport or T piece [5]. The greater size 
of IgE (IgND) is provisionally attributed to a longer heavy chain [6]. It is 
worth noting at this juncture the considerable similarity in size of four out 
of five immunoglobulins; only IgM differs strikingly and, as we shall see 
later, is itself made of units with the same basic structure as the other 
members of this group. By contrast, the carbohydrate content differs 
markedly between classes, and even within classes [7], though the signifi- 
cance of these variations is by no means clear as yet. In other situations 
we have remarked on the great contribution that oligosaccharides make to 
determining the specificity of even protein antigens; in the case of immuno- 
globulins there is no evidence yet that they play any such role. 

The concentration of individual immunoglobulins in serum is subject to 
considerable fluctuations, since they will be perpetually altering in the face 
of infections, and probably for other reasons as well. On this basis the 
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Table XV.—NOMENCLATURE OF IMMUNOGLOBULINS AND THEIR CONSTI- 
TUENT Parts. After W.H.O. [2] 





NEW OLD 





Classes 
7G or IgG TSY, Yo. Yas 
vA or IgA y1A, BoA 
7M or IgM 19Sy, y,M, 62M, y macroglobulin 
yD or IgD 
vE or IgE 


Types 

Light chain 

Type K K Type I, 1, B 

Types A Type II, 2, A 
Heavy chains 

of IgG 

of IgA 

of IgM 

of IgD 

of IgE 


WE RR 


Fragments 
Fab fragment Fragment A, C, S, I, II 
(antigen binding) 
Fe fragment Fragment B, F, II 
(crystallizable) 
Fd fragment A piece 


Table XVI.—PROPERTIES OF HUMAN IMMUNOGLOBULINS. After Cohen and 
Milstein [5] 


IgG IgM IgA IgD IgE 
Sedimentation coefficient ($2,°) 4 19 Cis 7 TST 
Molecular weightt 150,000 | 900,000 | 140,000 = 196,000; 
Carbohydrate (per cent) 2:9 11-8 W/O) — 10-7§ 


Serum concentration (mg. per | 800-1680 | 50-190 | 140-420 | 0-3-40 5—S0§ 
cent) 


Percentage of total in intra- ae) 100 40 (e —- 
vascular pool 
M.W. of heavy chain 53,000 70,000 64,000 — 75,500+ 





* Monomeric serum IgA only. 

+ Bennich and Johansson [6]. 

¢t Approximate values. 

§ Johansson, Mellbin, and Vahlquist [8]. 


three classes discovered first, IgG, IgM, and IgA, would appear to be the 
major constituents, though it must be admitted that very much higher 
levels of IgE have been reported in Ethiopian children suffering from 
round-worm infestations [8]. It is not easy to define what is normal when 
dealing with the response to infection and infestation, since none of us is 
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reared in an environment free from parasitic invasions. Nevertheless, 
mean levels in adult serum of 3 mg. per 100 ml. for IgD [3], and in 
children of 16 mg. per 100 ml. for IgE [8] have been recorded in countries 
of high economic development, and suggest that these two immuno- 
globulins are ordinarily present in concentrations well below that of the 
three major classes. 


II. PATHOLOGICAL IMMUNOGLOBULINS: PROTOTYPES OF 
IMMUNOGLOBULIN STRUCTURE 


_ We have already noted that immunoglobulin levels alter as a result of 
infection; but although this is a consequence of a pathological process it is 
properly termed a physiological response. At the same time there are also 
pathological states of the immune system itself in which immunoglobulin 
patterns are again disturbed. Such states may have an immensely varied 
aetiology ranging from disorders of the immune process associated with 
immunoglobulin production to inborn or acquired disorders of immuno- 
globulin metabolism. 

In many conditions with a chronic infectious element or of a presumed 
auto-immune aetiology there is a hyperglobulinaemia, but the normal 
ratios of immunoglobulin classes are not preserved. Tomasi records 
IgG: IgA ratios as low as 2:8 in Laennec’s cirrhosis and as high as 263 in 
lupoid hepatitis, against his normal figure of 6-4 [9]. 

The hyperglobulinaemias resulting from a pathological proliferation of 
lymphoid tissues have been divided into so-called monoclonal and 
polyclonal gammopathies [10]. In the former over-production by one 
(perhaps a few in practice), and in the latter by many, clones is assumed. 
Already most of the possible combinations of defects have been observed, 
at least in connexion with the three main classes of immunoglobulins [11]. 
The same also holds for those diseases of the immunological system that 
lead to deficiencies of antibody production, hypogamma-globulinaemias 
having been observed with one, two, or all three major classes absent or 
depressed [11]. The proliferative lymphoid disorder, multiple myeloma- 
tosis, is of particular interest since it has provided the biochemist with a 
naturally occurring source of relatively pure immunoglobulins of a single 
class. It has also led directly to the discovery of IgD and IgE, which 
otherwise are present in serum in too low a concentration to be readily 
detectable. 

The deficiency diseases have been important for defining the role of 
humoral antibodies as such in infectious disease. The remarkable recovery 
of children with severe immunoglobulin-deficiency disease from virus 
infections—children who, without antibiotics, were doomed to die at an 
early age from bacterial infection—has constituted one of the main pieces 
of evidence that an alternative mechanism of immunity, cell-mediated 
immunity, exists. 

Certain of these dysgamma-globulinaemias are sex-linked or bear other 
evidence of heritable characteristics. This has led in its turn to considerable 
speculation on the genetic control of immunoglobulin synthesis and the 
precise point of breakdown. At this juncture it is probably sufficient to say 
that the immune response is immensely complicated, with respect both to 
cellular differentiation and protein synthesis, and that interruptions must 
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be possible at a number of points in a long chain of events, all of which will 
be under some form of genetic control. 


Ill. ANIMAL IMMUNOGLOBULINS 


Although we have dealt exclusively with human immunoglobulins up to 
this point, what has been said applies equally well to animals, and different 
classes of immunoglobulin have been found in a number of species. The 
pressure for investigation has come in general from two directions, for 
defining the chemistry of complex proteins and for defining the biological 
properties of different immunoglobulins. In other words, animal immuno- 
globulins have been studied from the point of view of both structure and 
function. Enough has already been said for the reader to be aware that 
even within the single animal immunoglobulins form a very heterogeneous 
population without taking into account different combining specificities 
for antigens. One of the first steps in understanding behaviour of such 
molecules must therefore be to identify groups within this population. 
This is the fundamental meaning of classes of antibody, such classes being 
based primarily on physical and antigenic characters. Still finer antigenic 
distinctions within classes lead on to the definition of subclasses, and 
serum groups in man and to allotypes in the rabbit. In a number of 
instances the final goal of the molecular biologist has been almost reached 
in that antigenic distinctions have been correlated with chemical differences 
of amino-acid sequence. 

In those animal species principally studied the immunoglobulin classes 
follow very much the general pattern found in man, at least in so far as 
7S and 19S antibodies or their broad equivalents are found in all forms of 
life above the primitive elasmobranchs, such as the smooth dogfish, 
Mustelus canis. In the mouse five classes of immunoglobulin have been 
described: IgG (y2a), IgH (2b), IgM, IgA, and IgF [12]. IgM and IgA 
appear to be the functional equivalents of the same classes in man. The 
remaining three classes all have a sedimentation coefficient of 7S, but to 
what extent they correspond to IgG and other classes in man remains to be 
determined. In a number of animal species work has progressed only to the 
point of recognizing broad distinctions and without detailed comparisons 
having been made with the immunoglobulins of other species. This rather 
confused state is reflected in the six named classes or subclasses of horse 
immunoglobulin: IgM, IgA, IgGa, IgGb, IgGe, and 10S y1-globulin [13, 14]. 
The first two probably correspond again to the so-named classes of man. 
The IgG’s are 7S immunoglobulins and the last-named, as its name 
implies, is intermediate in size between 7S and 19S immunoglobulins. 
Investigation of bovine and ovine classes is more incomplete, but in sheep 
four classes, 7S yl, 7S y2, y1M, and y1A, similar to those in mice, have 
been described [15]. Bovine immunoglobulins, like those of the horse, 
include a class of intermediate size, 12S [16]. Heterogeneity of immuno- 
globulins has also been noted in a number of other animal species [17]. 


IV. GENERAL STRUCTURE 


It is only within the past decade that the immunochemist has recognized 
that the potentialities for unravelling the very complicated structure of 
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large proteins such as globulins lie within his grasp. It was methods 
applied to the analysis of other large proteins such as polypeptide chain 
separation by reduction-alkylation, and assays of N-terminal and C- 
terminal amino-acids that ultimately led Porter to propose his now 
famous four-chain model of rabbit IgG in 1962 [18]. The model showed 
two pairs of chains, one long and one short, arranged symmetrically with 
the chains linked covalently by disulphide bonds. The interpretation arrived 
at then has since been modified only in detail and in Fig. 23 is a diagram- 
matic illustration of our present concept of the IgG molecule. It differs 


oa Porter’s model chiefly in the positioning and number of disulphide 
onds. 


Light chain 


/ | | Heavy chain 
| 


N-terminal ends 


Two to five disulphide 
bonds 


C-terminal ends 


Fig. 23.—Model of human IgG. 


The IgG molecule possesses two antideterminants (combining sites for 
antigen) and these are located at the N-terminal ends of the long or heavy 
chains. It is possible that the N-terminal end of short or light chains also 
takes part in the formation of the antideterminant. 

It is widely accepted that this four-chain model describes the basic 
structure of all immunoglobulins, not only the IgG molecule, and in all 
species of animal that have been investigated as well. This is a striking 
concept and needs substantiation, especially in view of the fact that there 
are differences in size between even the three major classes of immuno- 
globulin. Assuming the basic structure is present in all classes there are 
three possibilities: (1) That the individual chains are longer and therefore 
heavier; (2) That polymers are formed; (3) That additional material is 

resent. 
: In the case of the IgM macroglobulin disruption is relatively easily 
effected by mild reduction with 2-mercapto-ethanol; the breaking of these 
interchain disulphide bonds yields five smaller units per molecule [19, 20] 
and further disruption of the units reveals that they are built on the same 
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general principle as IgG molecules. Nevertheless, the molecular weight of 
the heavy chain of IgM is 70,000 [21], which is considerably in excess of 
that of IgG (see Table XVI). 

It will not have escaped attention that the molecular weights of the heavy 
chains in the different classes vary considerably (Table XVI). In the case 
of IgE this has been calculated on the difference between the combined 
weight of light chains subtracted from the estimated whole-molecule 
weight. What is not shown in Table XVI is that exocrine IgA may have 
molecular weights ranging from 370,000 (rabbit colostrum) to 510,000 
(human colostrum), so that here we must invoke some other reasons. 
The explanation of these wide departures in size from serum IgA and from 
IgG lies in the composition of such molecules from two or three basic 
four-chain units [22, 23] together with an antigenically distinct protein 
known as ‘T’ or ‘transport piece’, which has a molecular weight of 
40,000 [23]. 

The three possibilities envisaged above are thus all seen to have been 
invoked. IgM and possibly IgA and IgE have heavy chains larger than 
IgG; IgM and serum IgA occur or may occur in polymeric forms of the 
basic structure; and in IgA of seromucous secretions there is an additional 
* protein. Indeed, this may also be the case in IgM, where a five-chain 
structure has been postulated [24]. It is, of course, early days yet and we can 
safely assume that there are some surprises in store for us still, even with 
regard to the gross structure of immunoglobulins. It is true to say, 
however, that the four-chain structure is found consistently in all classes of 
immunoglobulin and all species of animal, and that it probably represents 
a basic form from which all immunoglobulins were further evolved. 

The foregoing is simply an explanation of how apparent dissimilarities 
of gross structure can be reconciled with a basic unity of structure. The 
four-chain model was, of course, based on a much firmer foundation of 
fact than this. The early evidence comprises, among other things, the 
reduction of rabbit IgG in urea solution with the resultant yield of a 
number of smaller units, suggesting a multichain structure for immuno- 
globulin [25, 26]. Overcoming a number of experimental difficulties, 
Fleischman, Pain, and Porter [27] went on to separate reduced alkylated 
human IgG on Sephadex columns with the demonstration of two peaks of 
elution representing polypeptides of two distinct sizes—evidence for the 
light and heavy chains. Taken with C-terminal and N-terminal assays the 
balance of evidence was thought to favour the four-chain hypothesis; 
later studies that provided confirmation are summarized by Cohen and 
Porter [28]. 

A further step in correlating function of antibodies with chemical 
structure was made possible by techniques involving enzymatic cleavage of 
the immunoglobulin molecule. First used thirty years ago to reduce the 
antigenicity of horse antitoxin in man, the method has been extensively 
applied to the study of immunoglobulin structure. Hydrolysis by papain 
separates the IgG molecule into three roughly equal portions [29]. Two 
of the fragments are identical and carry the antibody sites (Fab). The 
third fragment is composed of the two C-terminal halves of the heavy 
chains still joined by a disulphide bond. Derived from rabbit or guinea-pig 
immunoglobulin, this fragment (Fc) crystallizes readily [28]. From this 
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property it can be inferred that Fc has a very constant composition, even 
though it is derived from a population of antibodies carrying specificities 
directed towards many different antigens; and this inference is amply 
borne out on investigation, as we shall see later. 

_ Hydrolysis by pepsin at pH 5 splits the H chains of IgG on the C-terminal 
side of the inter-heavy-chain disulphide bonds (Fig. 23), with the production 
of a large divalent antibody fragment (Fab’), which is capable of precipitat- 
ing antigen [30]. The molecular weight of this large fragment is about 
100,000 and the remainder of the heavy chains is split into a number of 
smaller peptides. Treatment with a number of mild reducing agents will 
disrupt (Fab’), into two fragments, Fab’, each slightly larger than Fab 
resulting from papain hydrolysis. 

The reason for the susceptibility of the region around the disulphide 
bonds linking the two heavy chains to attack by enzymes was something 
of a puzzle. The answer may be found in the studies on sedimentation and 
viscosity in which it was observed that the whole molecule was less 
compact than the enzymatically separated fragments [31]. The conclusion 
reached was that the fragments were linked by a relatively extended 
portion of peptide chain. Other arguments can be brought forward in 
support which indicate an area of flexibility in this region consistent with 
the extended chain hypothesis. For instance, the analytical data already 
presented do not support the concept of antibody sites placed at opposite 
poles of an ellipsoid molecule, as some authors have contended, and yet 
the biological properties of antibody molecules do not readily admit of 
explanations in which the antideterminants are placed side by side in the 
manner shown in Fig. 23. The suggestion has therefore been made that in 
the uncombined state IgG immunoglobulin is a fairly compact structure with 
dimensions of 1208034 A; that it retains this form when combined 
with a single antigenic site; but in order to combine with a second site the 
molecule can ‘click open’ [32] to reach across gaps as wide as 200 A. 

The exquisite electron-micrographs taken by Valentine and Green [33] 
indicate that the IgG molecule is not quite as versatile as this since the 
‘hinge’ is in the region of the inter-heavy-chain bonds; all the same they 
record a maximum distance between ferritin conjugated molecules of 
140 A. The alternative use of a small dinitrophenyl (DNP) hapten was 
particularly advantageous in allowing the authors to examine the shape of 
complexes formed with purified anti-DNP IgG, since such complexes 
were formed in the plane of the supporting membrane of the specimen. 
The hapten itself was too small to be recognized. In the electron-micro- 
graphs, appearances indicative of dimers, trimers, tetramers, pentamers, 
and some larger figures are seen. These forms take on linear, triangular, 
square, and pentagonal shapes respectively. The principle is shown in 
Fig. 24, where the angle between the Fab arms is 60°. In the case of a 
dimer the arms can be extended to the maximum of 180°. Also in Fig. 24 
the Fc components are shown as projecting at the apices of the triangle 
and this appearance is easily recognizable in the electron-micrographs. 
Even more striking, however, is their disappearance after the aggregates 
have been treated with pepsin. The evidence presented by Valentine and 
Green is therefore quite compatible with the view of an extended and 
flexible region in the heavy chains of the molecule. 
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ual interest, though in a different context, are the electron-micro- 
poner IgM petra by Chesebro, Bloth, and Svehag [34]. Pe 
‘spidery’ appearance the authors describe is due to a central core from 
which protrude five misshapen legs. According to our present concepts, 
the central core would represent five Fe portions of the 7S subunits, each 
with two half-cysteines through which it is linked to the adjacent subunits. 
The distorted legs represent the flexible part terminating in a compact 
portion of the molecule containing the antibody combining site(s). 





Fig, 24.—Diagram of a hapten-linked trimer of IgG molecules. By kind permission 
of Valentine and Green [33]. 


Two points of particular interest remain to be answered. The first is: 
How big is the interdeterminant gap that the IgM molecule can span? 
And the second: How many valencies has the IgM molecule got? 
Chesebro et al. [34] attempt to answer only the first of these, and 
according to their observations free-lying IgM molecules havea central 
ring structure of 100 A diameter, with projecting legs 125 A in length. 
Thus the maximum span would be approximately 350 A. This figure 
correlates well with previous observations by the same authors [34] of the 
distance bridged by IgM between enterovirus particles. In general these 
observations also conform to the appearance of earlier electron-micro- 
graphs in which agglutinating IgM in moderate excess was ‘stapled’ 
along bacterial flagella, with an interdeterminant distance of 140 A [35]. 

The second point regarding the number of valencies in the IgM molecule 
has aroused, and still does, a good deal of speculation and controversy. 
If one accepts the postulate that the parent molecule is constructed from 
five units built on the same model as the IgG molecule, and there is a 
considerable body of evidence to support this view now, then the maximum 
number of combining sites in such a molecule could be ten, a value that 
has been found experimentally [36]. Other workers have concluded that 
their evidence is more consistent with five valencies per molecule in the 
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case of pathological human IgM [37] and rabbit IgM _ antibody [38]. 
Also that in the former case only 50 per cent of the isolated Fab fragments 
bound antigen [37]. Unless the process of separating the fragments is 
responsible, it appears from this evidence that we are faced with a very 


tricky situation in attempting to explain the synthesis of such asymmetrical 
proteins. 


VY. DETAILED STRUCTURE AND ANTIGENIC COMPOSITION 


Although knowledge of the detailed structure of immunoglobulins is 
not pursued simply for the sake of defining antigenic structure in physico- 
chemical terms, the fact remains that these two areas of study are to some 
extent complementary. Thus differences in amino-acid sequence can 
sometimes be correlated with known differences in antigenic specificity; 
equally antigenic specificities and other biological properties of immuno- 
globulin molecules can indicate profitable areas for chemical study. 

It is now very generally accepted that the amino-acid sequence of poly- 
peptide chains largely, and sometimes entirely, determines secondary, 
tertiary, and even quaternary structure of proteins. Indeed, analysis of 
the primary sequence of the light and heavy chains could in theory tell us 
all we need to know about the structure and behaviour of immuno- 
globulins in general and antibodies in particular. There are, however, one 
or two difficulties to be overcome before this ideal state of affairs can be 
attained. 

We now know that immunoglobulins are constructed on the principle of 
two identical pairs of chains, light and heavy, arranged as two light-heavy 
complexes joined together by disulphide bridges between the heavy chains. 
Reduction—alkylation methods are used, followed by gel filtration, to 
separate light and heavy chains in order to provide starting material for 
investigation. From here, conventional methods of peptide mapping, 
involving the separation and identification of peptide fragments by 
resolving them chromatographically in two directions, are used in con- 
junction with sequential amino-acid analyses of the peptide fragments. 
Overlapping peptides are sought so as to establish their order and ulti- 
mately the amino-acid sequence throughout the whole chain. The peptide 
fragments themselves are obtained by controlled hydrolysis with proteo- 
lytic enzymes, such as trypsin, which act on a wide variety of peptide 
bonds, or with more selective reagents, such as cyanogen bromide, which 
disrupt bonds between certain residues. 

In order that identifiable peptides may be obtained in these ways, a 
certain purity of starting material is essential. The degree of purity 
required is perhaps not as great as was originally thought. Nevertheless, 
unless a good proportion of the fragments obtained fall into definable 
groups no advance can be made. If our starting material is purified serum 
globulin, then we will be dealing with a mixture containing substantial 
quantities of all three major classes of immunoglobulins. In addition, 
there would be those heterogeneities due to antibodies of different specificity 
being present, as well as those differences of structure among immuno- 
globulins that serve to distinguish subclasses, allotypes, and so on. The 
separation of IgG from other immunoglobulins is not a difficult procedure, 
however, and pooled IgG would represent a considerable scaling down of 
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the problem. A further improvement could be immediately effected if a 
single individual is accepted as the donor. Even then, a single class of 
immunoglobulin obtained from a single donor provides an unwanted 
degree of diversity of molecular structure, and it is here that Nature has 
provided suitable material in the form of myeloma proteins. 

Two pathological conditions of the lymphoid tissues, multiple myeloma 
and Waldenstrém’s macroglobulinaemia, particularly of man and mouse, 
lead to the overproduction of immunoglobulins. These conditions arise 
as a result of uncontrolled proliferation of lymphoid cells, and the proli- 
ferating cells are clones derived from a single, or sometimes a few, parent 
cells. It is now well established that the hypergamma-globulinaemias that 
result are frequently monoclonal and occasionally oligoclonal. So far, 
proliferative conditions of this sort have been associated with all five of the 
known human immunoglobulin classes. It is evident that such a source 
will provide a homogeneous immunoglobulin population, and this has 
proved to be of inordinate benefit in the chemical analysis of immuno- 
globulins. 

In addition, in multiple myelomatosis, the metabolism of immuno- 
globulin-producing cells is so disordered that excessive amounts of certain 
components are produced and excreted in large amounts as Bence Jones 
protein in the urine of patients. The demonstration that Bence Jones 
proteins were identical with the light chains of the corresponding myeloma 
protein [39] proved an enormous step forward in the availability of investi- 
gative material. At much the same time, it was also observed that half 
the length of the polypeptide chains of Bence Jones proteins was of 
constant amino-acid sequence while the other half was variable [40]. 
Subsequently it has become apparent that the light chain, of all immuno- 
globulins, is divisible into almost exactly equal halves, of which the 
C-terminal half of approximately 107 residues is the constant section. The 
N-terminal half varies from one Bence Jones protein to another, and in 
normal serum, of course, from one molecule to another. It is this variable 
region which constitutes the most characteristic feature of immuno- 
globulins, serving to distinguish them, as far as is known, from all other 
proteins. 

Since whole sequences of a number of light chains [5, 41] and a few 
heavy chains [42] are now becoming known it is also becoming possible 
to correlate details of amino-acid sequence with other properties of 
immunoglobulins. Ultimately, of course, it is hoped that the basis for 
serological specificity of antibody molecules will be determined, and 
already we are justified in predicting that it will be determined largely by 
amino-acid sequence. But if this is so, then it already brings problems of 
its own in train, namely, How are we to account for the genetic basis of 
the very large number of peptide chains that represent antibody specificity ? 
First, however, we can turn to the structure of the polypeptide chains 
themselves and to the simpler problems of correlating chemical structure 
with antigenic structure. 


A. Structure of Light Chains 


Before any details of amino-acid or, indeed, grosser structure were 
known, Bence Jones proteins had already been separated into two 
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distinct antigenic classes [43], which were subsequently designated type K 
and type L (Table XV). The same specificities can be recognized in 
immunoglobulins of normal serum [40], and indeed, the immunoglobulins 
of all classes, subclasses, etc., and probably of all animal species, can be 
divided into the same two types. The implication here, of course, is that 
though classes of immunoglobulin may differ in other respects they all have 
light chains in common. That this is actually so is indicated by the fact 
that absorption of antisera to human immunoglobulins with light chains 
from any class will remove all cross-reacting antibodies between classes [44]. 
It follows that immunoglobulins can be divided into the same two groups; 
the light chains derived from them are referred to as « and A respectively 
(Table XV). The same specificities are found in the light chains of mouse 
immunoglobulins and in Bence Jones protein of mice [12]. 

The complete amino-acid sequences of a number of human « and A 
chains derived from myelomata have now been established [41, 45, 46]. 
The length of the chain is variously put at 213-221 residues, and within 
these limits the amino-acid sequence of the C-terminal half of all chains is 
virtually constant. A similar invariable structure has been noted in the 
C-terminal half of A chains. The only well-established variation in this 
section of « chains, according to Cohen and Milstein [5], is in position 191 
(numbered from the N-terminal end) where the allotypic specificities of 
Inv(2) and Inv(3) are associated with leucine and valine residues respec- 
tively. Inv antigens are associated with « chains only. The corresponding 
antigen in A chains is probably Oz, and the report that Oz+ and Oz— 
involve arginine/lysine alternatives at position 190 in A chains is of extreme 
interest [47]. The numbers assigned to any position remain somewhat 
arbitrary, since insertions and deletions, particularly in the N-terminal 
half, have so far prevented any general system being adopted. It should 
be stated at once that Inv and Oz specificities do not form the basis on 
which « and X chains are distinguished; they form subdivisions of these 
two chain types. a. 

Comparison of human and mouse « chains shows a very striking 
similarity in the C-terminal section. Nearly 60 per cent of the 107 residues 
are identical, and this compares with only 39 per cent identity between 
human « and 4 [5]. Hee 

The structural features that determine type K and type L specificities 
appear to reside in the variable region of light chains, and if this is so one 
is forced to conclude that stable antigenic differences must be reflected in 
constant sequences in the variable region. Since complete sequences of a 
number of Bence Jones proteins of type K are known, opportunities for 
comparison of the variable region in « chains of different origin have 
already arisen. It is quickly apparent that the N-terminal half is not 
arranged in an entirely random fashion and that comparison with the 
C-terminal half reveals that there are very considerable areas of homology 
where residues match exactly, even in Bence Jones proteins from different 
individuals and probably of different Inv subtype. Homology becomes 
even more apparent when allowances are made for insertions and deletions 
of residues in the chains; in other words, when gaps are left in one or other 
chain so that they can be arranged for maximum matching. Such methods 
may smack of chicanery to the uninitiated, but they are perfectly proper 
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i i i i insight, and concepts 
rovided that they are exercised with caution and insig t, ep) 
dealing with insertions and deletions have a sound experimental basis in 

the genetic control of protein synthesis. 

ee from any questions of antigenicity, certain residues must also be 
essential to the basic structure of immunoglobulins. Thus the light chain 
is a double-looped structure in which the loops are formed primarily as a 
result of intra-chain disulphide bonds. There are two of these bonds in 
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Fig. 25.—Double-loop structure of the immunoglobulin light chain. After Putnam 
[41] and Hill, Lebovitz, Fellows, and Delaney [48]. 


C-terminal 


each light chain (Fig. 25) formed between invariant half-cystine resi- 
dues [41, 48]. There is a further half-cystine residue in light chains that 
forms the bond between light-heavy chain pairs. In « chains it is the 
C-terminal residues, and in \ chains the subterminal residue. A number of 
other amino-acids are particularly, if not always necessarily, associated 
with imposing configurational restraints on polypeptide chains. Proline, 
for instance, occurring singly, as a pair or a triplet, in all probability 
induces a kink in the chain; at the other extreme glycine, with no side- 
chain, cannot easily be replaced without affecting spatial considerations; 


IMMUNOGLOBULINS 105 


alternatively, such residues may have been retained because they impart 
flexibility to the variable region. 

It came as something of a surprise to immunochemists to find extreme 
variability in one half of the light chain of immunoglobulins. At that time 
evidence weighed heavily in favour of placing the combining site of 
antibodies on the heavy chain, and variation in that chain would have 
been consistent with such a view. Of course, to find a variable region in the 
light chain does not mean that we must now consider the combining site 
to be contained there, but rather that we can visualize the light chain as 
playing a more particular part in the formation of the antideterminant, 
perhaps by influencing the configuration of the heavy chain. 

The degree of variation already observed in the N-terminal section is 
considerable. Cohen has collected evidence of variation in 40 positions in 
« Chains [45]. He points out that in some positions the number of variations 
is greater than two, but even if only two the number of different chains 
would be 2% or 101°. This implies, of course, that there is no restriction on 
alternatives. The possibilities, in terms of specificity of combining sites, 
are obvious. 

So far, then, we have considered the light chains of immunoglobulins as 
polypeptides with a characteristic two-loop structure. The N-terminal 
half is further characterized as having a very labile primary structure which 
it would seem must be associated in some way with the specificity of the 
antideterminant. Although 40 positions where variations can occur are 
already known in the N-terminal half, and no doubt this number will 
increase, this figure should still be set against the background of some 108 
residues that comprise the whole variable region. It is then clear that there 
is still scope for a considerable element of constancy here. Perhaps in the 
final tally there will still be more constant positions than variable ones. 
This aspect of structure is of considerable significance when we come to 
consider the evolution of light chains. In addition, the variable region sets 
very special problems when it comes to understanding how the synthesis 
of such polypeptide chains might be controlled. Before we turn our atten- 
tion to problems of this sort, however, we must first look at the structure 
of immunoglobulin heavy chains and see how they compare with what we 
have discovered about light chains. 


B. Structure of Heavy Chains 


The problems connected with unravelling the primary structure of heavy 
chains of immunoglobulins can be expected to be greater than those 
associated with light chains for a number of reasons. First, heavy chains, 
even of the simplest immunoglobulin, IgG, are approximately twice as 
long as light chains. Second, they differ quite markedly from one immuno- 
globulin class to another, both in length and antigenic structure. Third, 
there are a number of antigenic differences within classes which subdivide 
them still further. All this adds up to a massive heterogeneity of structure 
which could render attempts at sequential amino-acid analysis very 
unrewarding. In addition, there is no readily available source of heavy 
chains comparable to Bence Jones proteins and, although heavy-chain 
disease’ has now been described [49], it is very much rarer than Bence 
Jones proteinuria. Heavy chains can, of course, be isolated from myeloma 
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roteins. A surprising feature of the work in this field, however, 1s the 
ineess that hauitended sequence studies of normal rabbit IgG. This 
success has been largely due to the recognition that the ability to crystallize 
the Fc fragment of heavy chains reflected a high degree of homogeneity 
in that part of the chain [29], and that a situation analogous to that of the 
constant region in light chains in all probability existed. Confirmation 
came with the identification of a C-terminal peptide of 18 residues from 
rabbit IgG [50], and the extension of this work to 120 residues [51], and 
ultimately to the entire Fc fragment of some 216 residues [48]. 

The general structure of the rabbit Fc fragment bears a remarkable 
resemblance to the light-chain structure, with half-cystines at positions 37 
and 91, and at 138 and 195, forming the two loops in the chain [48]. The 
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Fig. 26.—The possibilities of symmetry in the arrangement of intrachain dilsulphide 
bonds in the immunoglobulin molecule. After Edelman [52]. 


same general pattern is observed in human IgG. Edelman and his col- 
leagues have carried out a concentrated attack on a single human myeloma 
protein, Eu. Some of their preliminary results have been reported by 
Edelman [52]. By comparing amino-acid sequences of fragments of Eu 
protein obtained by various disruptive procedures, they placed the seven 
cyanogen bromide fragments in an unequivocal order. From these data 
Edelman derives a model that illustrates strikingly the similarity between 
a es quarters of the heavy chain and the two halves of the light chain 
ig. 26). ‘ 

As for more detailed structural homogeneity, two human myeloma 
IgG’s, Daw and Cor, of identical subclass and allelic character, show also 
an identical amino-acid sequence in their Fc fragments [53]; and with 
regard to the N-terminal end Porter states that ‘the variant section runs at 
least as far as... position 110’ [54]. In other words, the possibility of a 
variable N-terminal quarter and a constant C-terminal three-quarters in 
the y chain can be credibly envisaged. As we shall see, the division of the 
heavy chain into comparable quarters has an important bearing on theories 
of the evolution of immunoglobulins. a 
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_ It has been said before that the various immunoglobulin classes differ 
in antigenic structure as well as physically. These differences must be 
confined to the heavy chains, since light chains are common to all classes. 
So far, insufficient is known about amino-acid sequences of heavy chains 
from different classes to be able to correlate such details of chemical 
structure with antigenic distinctions. Indeed, the same is very largely still 
true of antigenic differences within the most highly studied IgG class, and 
the complete sequence of too few y chains is known for comparisons to 
reveal the basis of antigenic specificities with certainty. 


VI. SUBDIVISIONS OF IMMUNOGLOBULIN CLASSES 


Just as myeloma proteins represent the product of a single, or a few, 
clones of immunoglobulin-producing cells, so normal serum immuno- 
globulins are derived from multiple clones. We therefore expect and find a 
great diversity of antigenic structure among immunoglobulin molecules 
in normal serum. Although there is great diversity, it is nevertheless 
ordered and subject naturally to the strict laws of inheritance. 

Human IgG has been divided primarily into four subclasses. Their new 
and old nomenclatures are given in Table XVII, together with the types of 
heavy chain that these specificities define. All four subclasses are found in 
all normal sera, but the amount of each subclass that is present is not the 
same. The actual relationships are given in Table XVIII. 

The subclasses themselves can be further divided into serum groups or 
allotypes on the basis of still subtler antigenic differences. Such iso- 
specificities have been described in man and monkey, as well as in a 
number of lower mammals and the domestic fowl. In the rabbit these 
groups are termed ‘allotypes’ [55], a word that is being increasingly applied 
to serum groups in man, although there is by no means a full under- 
standing of the genetic factors involved in the distribution of these anti- 
genic specificities. 

Allotypes in the rabbit appear to have received rather more than their 
fair share of attention considering that myeloma proteins are not found in 
this species of animal. The reason for this is that they can be studied by 
the relatively simple technique of precipitation, using antisera prepared 
in other rabbits. A genetic system governing rabbit IgG antigenic speci- 
ficities has been worked out on the basis of three alleles at either of two 
loci, a and b, although a number of other specificities are now known [5] 
and may necessitate modifications. The whole subject has been extensively 
reviewed by Kelus and Gell [55]. 

The number of serum group factors in man is still increasing. Two 
categories, Inv and Oz, we have already met in connexion with light 
chains. A third category, Gm, is exclusively associated with heavy chains 
of IgG, as is ISf(1), the first antigen of a newly discovered serum group 
independent of the Gm system. Well over twenty Gm factors have now 
been described (Table XVII), though some of them are not distinct 
entities. In view of what has been said above about the use of myeloma 
proteins and isolated heavy chains for the detection of Gm specificities, it 
is worth noting that some specificities behave quite differently in the whole 
molecule and in isolated chains. Thus the antigenic activity of Gm(1) is 
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preserved and even enhanced in the isolated form, whereas that of Gm(4) 
is almost entirely lost. Reference to Fig. 27 shows that Gm(1) is located 
in the Fe fragment and Gm(4) in Fd. The interesting speculation then 
arises that just as the configuration of the antibody combining site is 
influenced by the light chain so may that part of the heavy chain that 
expresses Gm(4) specificity, in spite of the fact that an heritable character 
must represent a ‘constant’ amino-acid sequence. 


Table XVII.—NOTATION FOR THE HEREDITARY Gm AND Inv FACTORS OF 


IMMUNOGLOBULINS 
ORIGINAL NEw AUTHORS AND YEARS OF REPORT 
Gm(a) Gm(1) Grubb and Laurell (1956) 
Gm(x) Gm(2) Harboe and Lundevall (1959) 


Gm(b”) or Gm(b?) Gm(3) Steinberg and Wilson (1963) 

Gm(f) Gm(4) Gold, Martensson, Ropartz, Rivat, and 
Rousseau (1965) 

Gm(b) or Gm(b?) Gm(5) Harboe (1959) 








or Gm(by) or Gm(12) 
Gm(c) or Gmi(like) Gm(6) Steinberg, Giles, and Stauffer (1960) 
or Gm(c*) 
Gm(r) Gm(7) Brandtzaeg, Fudenberg, and Mohr (1961) 
Gm(e) Gm(8) Ropartz, Rivat, and Rousseau (1965) 
Gm(p) Gm(9) Waller, Hughes, Townsend, Franklin, and 
Fudenberg (1963) 
Gm(b«) or Gm(b) Gm(10) 
or Gm(13) >| Ropartz, Rivat, and Rousseau (1963) 
Gm(b8) Gm(11) 
Gm(b*) Gm(14)_ | Steinberg and Goldblum (1965) 
Gm(s) Gm(15)\.| Martensson, van Loghem, Matsumoto, 
Gm(t) Gm(16) and Neilson (1966) 
Gm(z) Gm(17)_ | Litwin and Kunkel (1966) 
RO, Gm(18)\| Ropartz, Rivat, Rousseau, Fudenberg, 
RO, Gm(19) Molter, and Salmon (1966) 
Gm(z) Gm(20) ° nioep Holbrook, and Fudenberg 
Gn(g) Gm(21) | Natvig (1966) 
Gm(y) Gm(22) | Litwin and Kunkel ( 1966) 
Gm(n) Gm(23) | Kunkel, Young, and Litwin (1966) 
Gm(c*) Gm(24) | van Loghem and Martensson (1966) — 
ee Ree beer ee RR i ee RRR Ot ar 
Inv(1) Inv(1) Ropartz, Rivat, and Rousseau (1961) 
Inv(a) Inv(2) Ropartz, Lenoir, and Rivat (1961) 
Inv(b) Inv(3) Steinberg and Wilson (1962) 
i a Se ee eee 
San Francisco 1 ISf(1) Ropartz, Fudenberg, Rivat, Rousseau, 


and Lebreton (1967) 
se ee ee 8 ee ee 


It should be stressed that each Gm factor is associated with a single 
subclass of y chain. So far, however, these factors have been found in 
only three out of the four, namely IgG1, IgG2, and IgG3. In addition, the 
factors are distributed very unevenly among these three (Table XVIII ) [56], 
especially bearing in mind that IgG3 accounts for only 9 per cent of all 
IgG (Table XVIII). In Fig. 27 is shown the distribution of Gm factors 
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in IgGl molecules. First, it will be noticed that Gm factors occur 
in both Fe and Fd fragments; second, that allelic pairs are, of course, 
located in the same part of the chain. 

As indicated above, it is early days yet to correlate amino-acid sequence 
data with antigenic specificities of heavy chains since comparisons between 
sufficiently large fragments of heavy chains of different allotype are only 
just beginning to appear. Porter reports that an N-terminal peptide of Fd 


Table XVIIT—NOMENCLATURE, PERCENTAGE OF TOTAL IgG, AND DistTRI- 
BUTION OF KNOWN SERUM GROUP FACTORS IN THE SUBCLASSES OF 
HuMAN IgG. After Natvig, Kunkel, and Gedde-Dahl [56] 


IgGl IgG2 IgG3 IgG4 
(We)* (Ne)* (Vi)* (Ge)* 
(y2b)* (y2a)* (y2c)* (y2d)* 
(70 per cent) | (18 per cent) | (8 per cent) | (3 per cent) 
Gm(1) Gm(23) Gm(5) None 
Gm(2) Gm(6 
Gm(3) Gm(10) 
Gm(4) Gm(11) 
Gm(7) Gm(12) 
Gm(8) Gm(13) 
Gm(9) Gm(14) 
Gm(17) Gm(15) 
Gm(18) Gm(16) 
Gm(20) Gm(21) 
Gm(22) Gm(b°) 
ISf(1) Gm(b*) 
Gm(c?) 
Gm(c') 





* Old nomenclatures. 


of rabbit IgG has arginine at position 9 in allotypes Aal and Aa2, but that 
it is absent in Aa3 [54]. Cohen and Milstein [5] have compared sequences 
of the C-terminal octadecapeptide of IgG derived from a number of 
different sources. In the case of human IgGl, IgG2, and IgG3 chains 
these sequences are the same except for a difference of one or two adjacent 
residues in IgG3 [5]. The difference of one residue between the IgG3 
chains could represent the difference between Gm factors 5 and 21. From 
the appearance of Table XVIII and Fig. 27 it would seem likely that there 
remain to be discovered a fair number of Gm factors. 
Antiglobulins defining allotypic specificities were first found in patients 
with rheumatoid arthritis [57]. Later it was found that such antibodies 
were also present in normal sera, though much more rarely. Sera con- 
taining the former have been called ‘Raggs’, are of high titre, and may 
possess more than one specificity; those containing the latter have been 
called ‘SNaggs’, and are of low titre and monospecific. Antiglobulins 
can also be classified according to their ‘inhibitability’. This term derives 
from the serological methods used to detect and define serum group 
specificities in human immunoglobulins. Inhibitable antiglobulins are 
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‘ Sanat, 

vented from agglutinating antibody-coated cells by native immuno- 
Mabulin sheretere their homolegot$" antigenic determinants are 
accessible in both the native and denatured forms of the immunoglobulin 
molecule. With non-inhibitable antiglobulins the specificity is directed 
towards determinants exposed only when antibody is immunologically 
denatured, i.e., when ‘new’ determinants are exposed after an antibody 
has combined with its specific antigen. Intermediate forms also exist [58]. 
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Fig. 27.—Distribution of some allelié Gm factors in the Fab (Fd) and Fe fragments 
of the IgG1 molecule. 


The way in which SNaggs and Raggs arise in human sera is still a 
matter for conjecture. If we assume an antigenic stimulus at least three 
kinds could be associated with SNaggs: first, there are the antigens trans- 
fused with whole blood or its products; second, foetal blood leaking across 
the placenta, only in this case we are concerned with serum protein in- 
compatibilities rather than red-cell incompatibilities; and third, the 
normal placental transfer of maternal IgG to the foetus. Raggs could 
result from the stimulation of the immunological system by auto-antigens, 
in which case proof would simply rest on the demonstration that their 
specificity is directed towards autologous native or autologous denatured 
immunoglobulin. The issue is quite clear-cut. Unfortunately, the evidence 
is contradictory, so that no conclusion can yet be reached. 

So far, we have described a wide range of antigenic specificities that are 
or may be present in immunoglobulins. Such antigens may be present in 
all individuals of a species, in groups of individuals, or only in individuals. 
No account would be complete without mention being made of idiotypic 
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antigens, 1.e., antigens unique to the individual. The question may be 
asked whether such antigens really exist. In answer, it can be said that 
some myeloma and macroglobulin proteins possess antigens of individual 
specificity, and that antisera directed towards them cannot be shown to 
react with immunoglobulins in normal sera. By the very nature of the 
problem, however, all normal sera in which these specificities might exist 
cannot be tested. Also the reduction in titre noted when antisera to such 
‘idiotypic’ antigens are repeatedly absorbed with pooled immunoglobulins 
might indicate that these antigens are just very rare, and that these antigens 
cannot be detected in normal sera simply because these antigens are present 
in very low concentration. 

It will be noted that in this argument the tacit assumption is once again 
made that myeloma proteins, though arising as a result of a pathological 
process, represent normal immunoglobulins even if they are abnormally 
homogeneous in molecular structure. The evidence of molecular structure 
presented here is consistent with the view that they do not differ from 
normal immunoglobulins, and the growing body of evidence that these 
paraproteins also possess the same biological properties as their normal 
counterparts supports this contention. 


VII. EVOLUTION AND CONTROL OF IMMUNOGLOBULIN STRUCTURE 


Determination of the amino-acid sequences of light and heavy chains is 
principally directed towards two targets: first, to defining the nature of 
antibody specificity and, second, to understanding the biosynthetic 
mechanisms that lead to the expression of specificity. 

To some extent the first goal has already been achieved in that it is 
generally anticipated that the variable region of the heavy chain, alone or 
in combination with the variable region of the light chain, will prove to be 
responsible for antibody specificity. However, attempts to define further 
the amino-acid composition of antibodies of particular specificity have 
met with unexpected setbacks. In particular, the amino-acid composition 
of ‘cold anti-I agglutinin’ shows differences between the variable section of 
its light chains that are greater on the whole than those of type K chains 
of Bence Jones protein chosen at random [59]. Cold agglutinins of anti-I 
specificity have been chosen for this type of work because they form in any 
one person a homogeneous population comparable to a myeloma protein. 
They are usually IgM molecules of type K. Analysis of rabbit IgG has 
led Koshland to the essentially similar conclusion that ‘the light chain 
from any one antibody was heterogeneous with respect to its amino-acid 
content despite its average characteristic composition’ [60]. : 

Reaching the second target depends to some extent on attaining the 
first, but there are two related though distinct aspects that must be 
considered together. These are concerned with the control of the constant 
and variable sections of immunoglobulin polypeptide chains. 

One of the most striking features to emerge from studies on the amino- 
acid sequences of immunoglobulins has been the repetitive nature of long 
stretches of the constituent chains. These regions are referred to as internal 
homologies, have been noted in other proteins, and are thought to arise by 
a process of gene duplication. 
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In immunoglobulins, external homology was first detected between the 
constant regions of light chains, and, as we have seen, this even extended 
across the species barrier, so that « chains of man and mouse were more alike 
than x and A chains of man. As more evidence has come to light so this 
concept of homology has been strengthened. It has also been extended to 
the N-terminal half, where from Cohen’s figure of 40 variable positions [45] 
we can argue that there remain some 60 invariable. No doubt this figure 
will be reduced as more sequences are detailed. In comparisons that 
Hilschmann [46] makes of five partial sequences it looks as if this ratio of 
40 : 60 could be reversed, nevertheless still leaving a substantial degree of 
homology. Putnam [41] and his colleagues have extended this work to 
the variable region of A chains from three myelomas. Variation between 
any two is recorded at 54 positions in the N-terminal half, a ratio of 
exactly 50: 50. Still more striking is the apparent concentration of varia- 
bility in certain sections, so that there are sequences of four or five residues 
where a different amino-acid is present in each of the three chains. Con- 
versely, there are four sequences of four, one of five, and even one of seven 
where all the amino-acids are the same in all three chains, so that up to now 
regions of homology are rather more in evidence than regions of varia- 
bility. We are inevitably led to conclude, therefore, that there may well be 
regions in the variable part of light chains that are highly variable, and 
other regions that are truly constant. 

On the basis of much more fragmentary evidence of similarities between 
light and heavy chains in the region of the combining site, Singer and 
Doolittle [61] postulated a common genetic origin for the two polypeptide 
chains of immunoglobulins. They went on to look for and find sequence 
homologies in the constant parts of light and heavy chains. Subsequently 
Hill, Delaney, Fellows, and Lebovitz [62] were able to compare sequences 
of the whole of the human light chain with large parts of the rabbit Fe 
fragment, comparisons that fully corroborated the hypothesis of Singer and 
Doolittle that heavy and light chains shared a common genetic heritage. 
Since this time, evidence has steadily accumulated of sequence homologies 
between the two halves of the light chain, and between the halves of the Fc 
fragment, as well as between heavy and light chains [48]. It is on this basis 
that an ancestral gene coding for one half of the light chain is postulated, 
with successive gene duplications resulting in the appearance of light and 
heavy chains. 

The phylogenetic approach to the evolution of immunoglobulins has 
been reviewed by Good and Papermaster [63], and it is clear that this kind 
of approach is not entirely consistent with the molecular approach that we 
have employed above. One obvious stumbling block is that we have 
perforce taken the IgG molecule as our model, whereas it is not the first 
immunoglobulin to develop, either phylogenetically or ontogenetically. 

Immunoglobulins appear to be confined to vertebrate species and to 
have evolved at roughly the same time, since neither they nor their possible 
precursors, such as light chains, have been recognized in invertebrates. 
In the lowest vertebrates IgM and not IgG is found, and, although 7S 
immunoglobulins may also be present, they are related immunologically to 


the 19S IgM, and are thought to be monomeric units of th l i 
teM [64]. e polymeric 
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One of the difficulties in the way of accepting theories of gene duplication 
of inmunoglobulins is the very different sizes of heavy chain in the various 
classes. A number of explanations is possible. One is that the higher 
molecular weight assigned to the » chain is in fact due to the presence of a 
fifth polypeptide, as is the case in some immunoglobulins of other animal 
Species, as is the case in human exocrine IgA in a sense, and as has been 
postulated, as stated earlier, in the case of IgM. A second possibility is that 
the different classes of immunoglobulins evolved separately, but by roughly 
the same mechanism. This is simply one of many areas of uncertainty that 
remain to be resolved. 

It is frequently held that the phylogenetic development of immuno- 
globulins is repeated in ontogeny, and in the immune response as well. It 
would indeed be surprising if this were not the case in embryological 
development, since this type of repetition is one of the central tenets of 
evolutionary hypotheses. As far as the immune response to antigenic 
stimulus is concerned, the relative sensitivity of methods for detecting 
IgM compared with those for IgG has tended to place undue emphasis on 
the early production of IgM, and we are no longer so certain that IgM 
production precedes IgG. On the other hand, it does seem fairly certain 
that IgA is the last of these three to develop ontogenetically and phylo- 
genetically [65]. IgM and IgG have been detected in lymphoid cells of the 
human foetus at 140 days’ gestation [66], whereas no IgA was found up to 
the time of parturition. 

The absence of recognizable adaptive immunity and immunoglobulin 
precursors in species lower than vertebrates constitutes a hindrance to the 
determination of evolutionary aspects of specific immunity. However, this 
is not the only approach to evolution and parallel investigations into 
control mechanisms of immunoglobulin synthesis are under way. An 
understanding of the genetic factors involved in the control of the manu- 
facture of antibodies of different specificity could well lead to a better 
appreciation of how these mechanisms evolved. The hard central core of 
this problem is how variability of amino-acid sequence is built into 
segments of both chains. - 

If we accept the current dogma that DNA+RNA-protein, then it is 
evident that there must be a concomitant variation in DNA base pairs. 
Such possibilities for variation must either be inherited through the germ 
line, or must arise by somatic events leading to differences of phenotypic 
expression between cells. | 

To many people the idea that the germ line carries all the information 
required to produce antibodies of all the specificities which we know an 
animal to be capable of lacks credibility. It is interesting to recall that it 
was precisely on this rock that Ehrlich’s side-chain theory of immunity 
foundered, since it was supposed that all antigens found preformed 
specific receptors awaiting them at the cell surface. Following Land- 
steiner’s demonstration that antibodies could be produced that were 
specific for chemical groupings not found in biological materials, the 
template theories of the 1930’s were developed. Since that time, intelligent 
guesswork would seem to put the required number of specificities at 
around 105, by no means an astronomical figure. Germ-line mutation to 
account for all the possible variations of the N-terminal regions of light 
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and heavy chains would still seem to be a clumsy process for controlling 
such variation, implying, as it does, regions of hypermutability in chromo- 
somes, a situation which admittedly is not unknown in bacteria. In 
general it would seem that, since there is an immense proliferation of 
lymphoid tissue throughout life anyway, explanations involving somatic 
mutation or rearrangements of chromosomal material at the same level are 
inherently more likely, and at the same time less potentially hazardous for 
the perpetuation of a species. 

The large number of hypotheses put forward in recent years [61, 67-72] 
is indicative of the interest generated by the accumulating knowledge of 
immunoglobulin chemistry, and also, of course, of the incompleteness of 
that knowledge. It can at least be said that any speculations about genetic 
control must take account of the variability of some sections and the 
stability of others, both of them within the variable region as a whole. 
Some authors attempt to do this principally on the basis of somatic 
mutation, some on the basis of the rearrangement of nucleotides already 
present in the gene. A major difficulty at the moment is that attempts to 
explain a unique situation are being made in terms of genetic principles 
evolved for other situations. Further, we are not certain yet just how 
unique the immunoglobulin situation is, and until a good many more 
complete determinations of amino-acid sequences are available we shall 
be in no position to define the pattern of variability in these polypeptide 
chains, nor, therefore, to understand the mechanism by which their 
synthesis is controlled. 

It is interesting to note that the general acceptance that protein synthesis 
is directly under genetic control also implies that cells may have a very 
restricted capacity to produce antibody of different specificities. That this 
is so is indicated by the fact that although whole serum from a single 
individual will contain IgG antibodies of all four subclasses, and there will 
be serum group antigens present within these subclasses, nevertheless 
antibody of one specificity will be restricted in a number of respects. The 
classic example, already mentioned, does not fall into any of the above 
categories; it is the anti-I cold agglutinin of human red cells that is almost 
invariably IgM of type K. One further implication of far-reaching signi- 
ficance is that, if at any stage in antibody production certain cells are 
committed genetically to producing antibody of certain specificity, then 
the antigenic stimulus must exert a measure of selectivity, and we are 
right back with the concepts that Ehrlich propounded in his side-chain 
theory. (See Chapter 4.) 


VIII. BIOLOGICAL PROPERTIES OF IMMUNOGLOBULINS 


The characteristic and striking diversity of structure among the proteins 
that we group together under the title of ‘immunoglobulins’ is expressed 
‘na number of ways. We recognize those chemical differences between the 
heavy chains that serve to distinguish between classes antigenically; 
physical differences of molecular weight and electric charge; structural 
differences in the form of monomers and polymers; and compositional 
differences in that polypeptide chains additional to the basic four-chain 


model may be present, as in the case of secretory IgA, and perh 
and IgE as well. y g4, and perhaps of IgM 
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Diversity of structure is, of course, also inherent in the chief biological 
property of immunoglobulins, i.e., in their antibody activity. That 
specificity of antibody for antigen should prove to be of survival value to 
the host is scarcely surprising; nor, therefore, that this type of diversity 
should persist evolutionarily. But we might justifiably ask why there 
should be as many as five classes of immunoglobulin, and whether they 
have separate functions. These are questions directed towards the 
properties of the molecule as a whole. We can ask questions about 
the biological properties of parts of the molecule as well, such as: Is the 
combining site part of the heavy or the light chain, or both? Are all 
combining sites on antibody molecules produced in response to a single 
stimulus the same? Do constant regions of the antibody molecule serve 
any biological function? We shall try to deal with each of these questions, 
and some others, in the following pages. 


A. The Whole Molecule 


In Table XVI (p. 94) is shown the intravascular concentration of the five 
immunoglobulin classes in healthy adult human beings. What it does not 
reveal is that, whereas 80 per cent of the IgM remains intravascular, more 
than half, 60 per cent, of IgG is outside the vascular system [11]. Further- 
more, although IgA is present in serum, there is a very considerable, but as 
yet unmeasurable, outpouring of secretory IgA onto mucous surfaces of 
the respiratory and alimentary tracts, and elsewhere. Bearing this distri- 
bution in mind, we can look more closely at the immunological properties 
and functions of the different classes of antibody. 

IgG is a small molecule compared with IgM and is generally present in 
much higher concentration in both tissues and circulation than the other 
immunoglobulins. It enters the picture very early in life, since it is the only 
immunoglobulin that can cross the placental barrier in humans to reach the 
foetal circulation. This is not so in all animals, and defence against 
pathogenic micro-organisms in newborn pigs and calves, for instance, is 
mediated through antibody, principally IgA, secreted in the colostrum. 
In man, serum IgG levels in the newborn are as high as, or even slightly 
higher, than those in maternal circulations. Maternal antibodies are 
important for guarding the infant life from bacterial and other micro- 
organismal invasion. They are gradually lost from the baby’s circulation 
during the course of the first 4-6 months, being replaced with the infant’s 
own antibodies. The half-life of IgG is 23 days [11] and maternal antibody 
can be expected to be lost by the infant at least at this rate. If the infant 
mounts an immune attack against the ‘foreign’ protein then it could well 
be quicker. 

Transport across the placenta is not simply a function of the size of the 
molecule of IgG, but is due to a property of the Fe fragment. Digestion 
with pepsin leaves the combining sites of IgG intact, but the antibody is 
now unable to cross the placental barrier. ; ble 

On the basis of its high relative concentration and widespread distribu- 
tion, it is reasonable to conclude that IgG plays a major role among anti- 
bodies in defence against infectious disease. Tested experimentally, IgG is 
particularly effective in neutralizing bacterial toxins, possibly because Its 
combining site is comparatively large. In terms of combination with 
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oligosaccharide haptens, it reacts with at least the pentasaccharide [73]. 
Parameters of antigen-antibody interactions that may be affected by the 
size of the reactive sites are avidity and affinity. By avidity we mean the 
speed of a reaction; and by affinity the strength of the forces that hold 
antigen and antibody together. A firm union could be important in the 
neutralization of toxins, which will themselves have affinities for tissue 
receptors. The size of antideterminants could therefore have an important 
bearing on the effectiveness of the immune response and its resultant 
survival value for the host. 

IgM antibody differs markedly from the other immunoglobulins, most 
obviously in respect of size. With its five basic units, it might be supposed 
to possess 10 combining sites per molecule. The evidence on this point is 
somewhat conflicting, however, with some authors subscribing to a valency 
of 5 or 6 [5, 31], and others to a valency of 10 [29]. It may be, too, that the 
combining site of IgM for carbohydrate determinants is very much smaller 
than that of IgG, since it has been reported that the terminal galactosamine 
of A blood-group substance is as effective in inhibiting the action of an IgM 
anti-A as the tri- and pentasaccharides [73]. 

From its mainly intravascular position it must be supposed that IgM 
functions effectively in this milieu. The capacity of single molecules to fix 
the serum factors, known collectively as ‘complement’, is well attested, but, 
as we shall see later (Chapters 5 and 6), the protective action of complement 
is not well understood as yet, though it is gradually becoming clearer. 
It is probable that IgM with, and to some extent without, complement 
enhances the uptake of bacteria by phagocytes, and might therefore be 
considered a powerful weapon in the prevention of persisting bacteriaemia. 
There can be no doubt as to the potential danger to the host posed by 
bacterial invasion of the blood-stream, so perhaps it is no accident that 
low levels of IgM, with specificities directed towards the Gram-negative 
bacteria that commonly inhabit the gut, are persistently found in human 
serum. The presence of such a defence mechanism was probably also an 
early requirement in the evolution of higher forms of animal life. IgM is also 
an efficient agglutinator of bacterial and other cells, whether by virtue of 
its size, its multiple valencies, its effect on surface charge, or other physico- 
chemical parameters, is not known; but this property too could limit the 
dissemination of micro-organisms mechanically, as well as lead to their 
more efficient phagocytosis. 

The separate function of IgA in serum is by no means clear as yet. We 
have already noted that IgA arises late in the development cycle [65] and 
probably after birth [66]. By contrast with our uncertainty about its role 
in serum, its function on the surface of mucous membranes is easily 
explained in teleological terms. Here it could obviously exert a protective 
effect at the very site where quick action against potential invaders would 
be most effective. By way of example, we see a kind of local immunity 
developing when live poliomyelitis virus vaccine is given orally. The 
immunity conferred is specific and prevents any significant multiplication 
of the same virus type in cells of the alimentary tract. Conversely, this type 
of immunity does not develop when killed vaccine is given by the usual 
parenteral route, although both vaccines are effective immunizing agents 
in the clinical sense. One inference that can be drawn is that infection of 
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the alimentary-tract cells with a vaccine strain stimulates an initial immune 
response that leads, on subsequent contact with a wild or vaccine strain of 
virus, to a rapid ‘secondary response’ (Chapter 4) or outflowing of IgA 
produced locally [65], so that virus is rapidly neutralized and eliminated. 
Injected vaccine, although it gives rise to protective levels of antibody in 
the serum, does not act until an initial phase of virus replication in the 
epithelial tissues of the gut has occurred and deeper invasion begins. 

The association of exocrine IgA with an additional protein naturally led 
to speculation regarding its role. Originally thought to be involved in the 
transport of the molecule through the epithelial cells lining the lumen, it 
now appears just as likely that it can penetrate through the inter-cellular 
spaces [74]. The so-called ‘T’ or ‘transport piece’ is now generally 
referred to as the ‘secretory piece’ or ‘SP’ [75]. Whether the polymeric 
structure of exocrine IgA is associated with or necessary for its immuno- 
logical function is not yet clear. 

IgD was first recognized in 1965 in the form of a myeloma protein [76]. 
Although undoubtedly an immunoglobulin, because the antigenic speci- 
ficity of light chains can be demonstrated, antibody activity has not yet 
been established beyond doubt. Studies in European and African 
communities suggest that it may be particularly associated with chronic 
infections [77]. At one time it was thought that IgD might be reaginic 
antibody, i.e., antibody associated with immediate hypersensitivity 
reactions (Chapter 6), and physicochemically it is similar [80]. However, 
serum levels of IgD do not correlate with hypersensitive states or with the 
capacity of such sera to transfer hypersensitivity passively. 

In a remarkable series of studies on immediate hypersensitivity, the 
team of workers led by Ishizaka demonstrated that reaginic antibody to 
ragweed pollen was not associated with any of the immunoglobulin 
fractions precipitated with antisera to IgG, IgM, IgA, and IgD [78]. They 
defined another globulin, referred to as y-E-globulin, and showed that, as 
it was precipitated by a specific antiserum from the serum of patients 
sensitive to ragweed pollen, so the reaginic activity of serum disappeared. 
Subsequently a myeloma protein, IgND, was described [79]. It shares 
antigenic determinants with the E-globulin of Ishizaka and at a meeting 
held under the auspices of the W.H.O. it was characterized as IgE, the 
fifth class of immunoglobulins. The identification of IgE with reaginic 
antibody is currently under investigation [80]. 

As is the case with many of the other biological properties of immuno- 
globulins, such as the placental transfer site, complement fixation, and 
capacity to resist catabolism, the skin-fixing site of IgE appears to be 
associated with the Fe part of the molecule. The Fe fragment 1s not 
therefore simply an inert platform to which the antideterminants are 
attached, but actually possesses biological properties of its own that are 
important for the proper functioning of antibody activity, in addition to 
any antigenic characteristics that may be located in that part of the heavy 
chain. 


B. The Combining Site 


Long before the chemistry of proteins was sufficiently advanced for it to 
be stated unequivocally that the primary sequence in polypeptide chains 
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determines secondary and tertiary structures of proteins, it had been 
recognized that specificity of antibodies must imply a quality of uniqueness 
in their configuration. One interesting question that arose from this 
interpretation was whether this provision of unique structures within the 
immunological system itself gave rise to antigenic stimuli. In other words, 
can antisera be raised to antideterminants? Many attempts to do this have 
been made, but one difficulty has been to obtain undoubtedly homo- 
geneous preparations of antideterminants. The discovery of antigenic 
activity in the combining site of antibodies has been claimed from time to 
time, but such claims have to withstand scrutiny on two counts before they 
can be regarded as substantiated: first, the possibility of an idiotypic 
specificity must be excluded, i.e., of an antigenic specificity unique to that 
antibody but not associated with the combining site, and, second, the more 
serious objection of defining ‘uniqueness’, without first testing all other 
antibody molecules, assuming such a project to be remotely feasible. 
However, if the antideterminant is antigenically active it should be possible 
to approach the question from the angle of antigenic similarity between 
antibodies with the same specificity but raised in genotypically different 
animals. Nevertheless, what evidence there is suggests that even using 
what are thought to be highly homogeneous sources of antibody, namely 
the IgM cold agglutinins of type K, differences of composition can still be 
detected both chemically and immunologically [59, 81]. However, before 
we turn our attention to the way in which antideterminants to the same 
antigen might differ from each other, let us consider briefly how these 
specific configurations are achieved in the immunoglobulin molecule. 

It is commonly assumed nowadays that the combining site derives its 
unique property of specific interaction with antigen from a unique 
arrangement of amino-acids in the variable regions of the heavy or light 
chains, or both. There are not many who would maintain that the light 
chain was solely responsible for the specificity of antibody. The evidence 
that the combining site is formed by the heavy chain is reviewed by Cohen 
and Milstein [5], and includes the observed capacity of isolated heavy 
chains to combine with homologous antigen. The recovery of antibody 
activity after the removal of reducing and denaturing agents also con- 
stitutes the very strongest evidence that the primary structure of proteins 
determines their three-dimensional structure. The role of the light chain is 
particularly apparent in the greatly increased combining affinity exhibited 
when homologous light and heavy chains are allowed to recombine [5]. 
The light chain may participate by forming part of the combining site, or 
it may exert its effect through the heavy chain. Recombination of separated 
chains also shows an element of specificity, or at least a mutual preference, 
for the original pairing. 

If we exclude antigenic specificity attributable to the antideterminant, 
we are still left with two other attributes of this part of the molecule that 
reflect its heterogeneity, namely avidity and affinity. These terms have 
already been defined as rate and strength of union respectively, and these 
concepts receive further attention in Chapter 6, ‘Antigen—antibody Reac- 
tions’. For the moment we are concerned only with the effect of hetero- 
geneity of the combining site on the immunological behaviour of antibody 
and its implication in terms of antibody production. 
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The first place to look for evidence of heterogeneity among antibodies 
of the same specificity is perhaps among the different classes of immuno- 
globulin, particularly IgM and IgG. The first detailed study using modern 
techniques was into the haemolytic efficiency of 7S and 19S antibodies by 
Talmage, Freter, and Talioferro [82]. Although we may no longer 
subscribe in precise terms to these early findings, the general inference that 
IgM antibody is a more effective haemolysin than IgG, on a molar basis, 
has been amply confirmed. The reasons for this increased effectiveness of 
IgM are rather complex and not entirely due to the combining site, but 
they are not relevant at the moment and are further discussed in Chapter 5. 
Differences between rabbit IgM and IgG are also noted in their aggluti- 
nating capacity for human red cells [83]. IgM is several hundred times 
more effective on a molar basis, even though only one-fifth as many IgM 
molecules are taken up per red cell as IgG. Again, it is possible that 
parts of the molecule other than the combining site play some role in the 
process of agglutination. Other workers have used a hapten—antihapten 
system in order to avoid any ambiguity in the determinant site, as usually 
occurs when whole cells are used. With the hapten p-azobenzenearsonate 
attached to red blood-cells, comparisons on a molecular basis showed 
IgM to have 60-180 times the agglutinating capacity of IgG [84]. It has 
been pointed out, of course, that affinity of antibody for antigen as 
measured by determination of the combining constant will reflect the 
number of combining sites involved, and that IgM has an advantage of at 
least 5 to 2 over IgG in this respect [85]. 

Since Landsteiner first laid the foundations of immunochemistry, it 
has been recognized that antigen-antibody reactions are reversible 
chemical processes. In the above context, the transfer of antibody from 
cell to cell is well documented [86], but the meaning in terms of biological 
activity is less clear. Particularly does this seem to be the case with immune 
haemolysis where single molecules of IgM are probably sufficient to 
initiate haemolysis, but a number of IgG molecules acting in concert, and 
adjacent to each other, may be necessary. Under these circumstances, and 
providing the antigenic determinants on a red cell are less than saturated, 
it may be a positive advantage for IgG molecules to have a low affinity, in 
order that they may dissociate and recombine in a more favourable 
position to fix complement. It is of interest, therefore, that antisera of 
different haemolytic efficiency, i.e., causing lysis at different rates, can be 
produced by altering the immunization schedule, and, of course, by the 
time of collection [87]. 

Configurational variations in the combining sites of antibodies may 
affect the rate and strength of union between antigen and antibody. Yet 
another aspect of heterogeneity that may well influence the nature of this 
union is the actual size of the antideterminant. The likelihood of the IgM 
antideterminant being relatively small has already been noted. On the 
face of it, this might suggest that IgM would have a lower affinity and 
higher dissociation constant than IgG, and though this is in agreement 
with some data it does rather conflict with what has been said above 
regarding the mechanism of complement fixation. However, although 
IgM antibody is effective for fixing complement, it 1s not as efficient as 
IgG when it comes to sensitizing red blood-cells to the lytic action of 


120 BASIC IMMUNOLOGY 


complement, possibly because the attachment of IgM to the cell surface 
lacks permanence. It is still necessary to bear in mind the greater number 
of valencies of IgM, and indeed it is by no means impossible to conceive 
of situations where the distribution of antigenic sites, or the relative 
proportions of antigen and antibody, or the manner in which they are 
brought together, is such that agglutination or any other serological 
reaction might be favoured by a low affinity rather than the reverse. It 
must, indeed, always be borne in mind that even in vitro we are usually 
dealing with immensely complicated situations, and that forces quite 
separate from those acting between determinant and antideterminant may 
be operating. 

So far, we have been speaking mainly about the heterogeneity of 
combining site between different classes of immunoglobulins. It must also 
be recognized that heterogeneity may be just as extreme within classes, and 
may take on the same forms that we have been discussing. The element of 
selection exerted by antigen has also been mentioned before; and in a 
biological situation the expectation is that the selected cells not only 
differ among themselves, but that this difference is reflected in the kind of 
antibody they produce. In this sense, antigenic stimulation will result in a 
population of antibodies which differ among themselves in a number of 
important particulars, such as avidity, affinity, and specificity. Selection 
by antigen operating at this level may have two important consequences. 
First, it may be that only certain clones of cells are selected for producing 
antibody of a certain specificity. This in turn means that, although serum 
as a whole contains a great range of immunoglobulins of all classes and 
subclasses, and those allotypic specificities inherited by that individual, 
antibody directed towards a particular antigenic determinant is usually of 
more restricted antigenic specificity. The classic example of anti-I cold 
agglutinins has been mentioned. 

The second consequence is perhaps more far-reaching and stems from 
the possibility that different cell clones will produce antibodies with 
slightly different combining sites, not simply from the point of view of size 
but of actual configuration. Thus, out of the whole range of antibodies 
produced in response to a single stimulus, may arise certain molecules that 
react more weakly, as strongly, or more strongly with heterologous 
antigens. This is one way in which cross-reactions can arise; the whole 
question of cross-reactions will be dealt with more fully in Chapter 6. It 
is sufficient to say here that the heterogeneity of the antibody response can 
be one cause of the lack of specificity sometimes displayed by serological 
reactions, as well as for their specificity. 
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CHAPTER 4 


THE PRODUCTION OF ANTIBODY 
By J. VERRIER JONES 


I. The fate of antigen 


Il. Production of antibody 

A. Natural antibody 

B. The primary response 
1. The lag phase 
2. The log phase 

C. The secondary response 
1. The specificity of the secondary response 

D. Quantitative aspects of antibody production 
1. Sequential production of 19S and 7S antibodies 
2. Change in affinity of antibody during the immune response 
3. Immunological memory 

E. Cellular aspects of antibody production 


1. Cells which form antibody 
a. Plasma cells 
b. Lymphocytes 


2. How many antibodies from one cell? 
3. The role of the macrophage 


4. Cellular proliferation and antibody production 
a. Cellular events during the lag phase 
b. Cellular events during the log phase 
c. Cellular events during the plateau and decline phases 
d. Cellular basis of memory 
e. Theoretical implications of cellular studies 


Ill. Factors which increase the immune response 
A, Adjuvants 
1. Non-antigenic adjuvants 


2. Antigenic adjuvants 
Immune deviation 


IV. Factors which depress the immune response 
A. X-irradiation and immunosuppressive drugs 
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B. Immunological paralysis 
Cellular basis of paralysis 


C. Desensitization 
D. Passively administered antibody 
E. Antigenic competition 


VY. Summary and conclusions 


ATTENTION was first drawn by Glenny and Siidmersen [1] to the fact that 
antibody production in an animal which is exposed to an antigen for the 
first time differs strikingly from that seen on subsequent exposures. They 
investigated the antibodies produced after injecting diphtheria toxin in 
guinea-pigs, rabbits, goats, horses, and humans (Fig. 28). After the first 
injection the rise in level of antitoxins, which was often barely detectable, 
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Fig. 28.—Production of antitoxin by rabbit injected with diphtheria toxin— 
antitoxin at Day 0. The primary response is weak and delayed, the secondary 


response is accelerated, greater, and more sustained. After Glenny and 
Stidmersen [1]. 


began after a latent period of about 2 weeks. After the second injection of 
toxin the difference was dramatic. Antitoxin production began after only 
4 days and was at a maximum in 10 days. The peak levels reached were 
often a hundredfold greater than after the first injection. They suggested 
the term ‘primary stimulus’ for the first injection and ‘secondary stimulus’ 
for the subsequent one. The first and second periods of antibody production 
are now known as the ‘primary’ and ‘secondary’ responses. 
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Subsequent investigations have shown that a primary and a secondary 
response, differing in the rate and total amount of antibody production, 
are found in the immune response of many animals to many antigens. In 
considering the cellular and biochemical events which underlie antibody 
production, it will be convenient to discuss in turn the fate of administered 
antigen, the primary response, and the secondary response. 


I. THE FATE OF ANTIGEN 


Following the administration of an antigen, the lymphoreticular system 
becomes modified in such a way that it produces antibody of great speci- 
ficity, and in increasing amounts, directed against the antigen. One of the 
main problems of immunology is to determine the nature of this change 
and how it is brought about. 

A logical first step is to consider the fate of an antigen after its adminis- 
tration to an animal. The rate at which antigen disappears from the blood 
after intravenous administration was studied by Glenny and Hopkins [2], 
who found a curve consisting of two components (Fig. 29). The initial, 
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Fig. 29.—Disappearance of horse diphtheria antitoxin from blood of two 
previously uninjected rabbits (A and B) after intravenous injection. Disappearance 
of horse diphtheria antitoxin from blood of two rabbits (C and D) previously 
sensitized to horse serum by intravenous injection. Data from Glenny and Hopkins 
[2]. Reproduced from Humphrey and White [171]. 
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slow component which lasts for 4-6 days is followed by a second, more 
rapid fall which continues exponentially until the antigen 1s exhausted. 
Readministration of the same antigen later gives a rapid disappearance 
curve. This type of curve is associated with the development of immunity 
to the antigen and is referred to as ‘immune elimination’. 

In what tissues does antigen accumulate and what changes accompany 
its arrival? Two groups of workers have published detailed studies on this. 
White and his co-workers have studied changes in the spleen of chickens 
following the administration of protein antigens [3,4]. Human serum 
albumin (HSA) 1-10 mg. was injected intravenously into 6-10-week-old 
chickens. Four days after injection clusters of dividing cells appeared in the 
white pulp of the spleen. These germinal centres contained numerous cells 
in mitosis, and by 7 days had developed into rounded collections of 
medium and large lymphocytes. Antigen could be identified in these 
centres by staining with a HSA antibody conjugated to a fluorescent dye. 
A group of branching cells was outlined by the dye: they were scattered 
throughout the germinal centre, and White termed them ‘dendritic cells’. 
He suggested that antigen localization on the dendritic cells depends on 
the presence of circulating antibody and that the antigen is present in the 
form of antigen-antibody complexes. Germinal centres did not appear 
Lite 3 days and antigen could not be detected on dendritic cells before 

ours. 

Ada, Nossal, and their co-workers [5] have also studied the localization 
of administered antigen. As antigens they used flagella from Salmonella 
adelaide, or a protein, flagellin, prepared by acid digestion, which has a 
molecular weight of about 38,000 and is highly immunogenic in rats. 
Flagellin was labelled with 151 and injected intravenously or into the 
hindfoot pad of rats. Intravenous antigens are localized mainly in 
the spleen, while those administered into the foot pad accumulate in the 
draining lymph-nodes. Localization of antigen in these organs can be 
studied by autoradiography. 

_ After foot-pad injection, antigen appeared within 3 minutes in the 
circular sinus of the draining lymph-nodes. Within 30 minutes it was found 
in macrophages in the medulla of the node. The antigen in particles 
and pinocytic vesicles became surrounded with protolysosomes, and 
phagolysosomes were formed which persisted for several months. Plasma 
cells also accumulated in increasing numbers in the medullary cords. 
These cells are known to secrete antibody. There was no evidence in 
this work to suggest that antigen passes from macrophages to plasma 
av and none of the plasma cells or lymphoid cells contained labelled 
antigen. ’ 

_ At the same time as antigen is appearing in macrophages in the medulla 
it is also spreading from the circular sinus into the cortex of the lymph- 
node, where, at 4 hours, it forms an annular pattern surrounding the 
primary lymphoid follicles (Fig. 30). After 24 hours it is spread throughout 
all the follicles in the cortex [6]. In the cortex the antigen appears to be 
mainly extracellular. In some areas it seems to be associated with lon 

dendritic processes arising from the reticular cells (cf. p. 128). " 

The arrival of antigen in the lymphoid follicles is followed by a burst of 
mitotic activity. A study of lymph drained from glands at this stage [7] 
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showed rising titres of antibody and increasing numbers of lymphoblastic 
cells containing numerous free ribosomes. __ } 

The dendritic cells and macrophages make up a specialized system for 
trapping and retaining antigen. The rapid burst of mitotic activity in 
germinal centres may be associated with the development of antibody- 
secreting plasma cells which do not appear to leave the node in which 





Fig. 30.—A series of radio-autographs showing the accumulation of flagella 
labelled with radioactive iodine in germinal centres in the lymph-node of an 
unimmunized rat: (a) 30 minutes after injection, antigen is entering the follicle 
from the circular sinus, (b) 12 hours, (c) 4 hours, (d) 24 hours after injection. 
Antigen is gradually penetrating the primary follicle. Reproduced from G. J. V. 
Nossal et al. (1965), ‘Immunology’, vol. 9, p. 349, by kind permission of Blackwell 
Scientific Publications, Oxford. 


they are formed. The lymphoblastic cells in the efferent lymph may be 
messenger cells, disseminating the antibody response to other centres. 


Il. PRODUCTION OF ANTIBODY 
A. Natural Antibody 


Antibody can be demonstrated in the serum of animals which have 
never been deliberately stimulated by antigen, and this antibody has been 
referred to as ‘natural antibody’. The origin of natural antibody and its 
role in the immune response have been discussed by Boyden [8]. 

Adult mice which have never been immunized against sheep red-cells 
show some circulating antibody [9] and have antibody-producing cells in 
the spleen. However, no animal in its natural environment can strictly be 


5 


130 BASIC IMMUNOLOGY 


regarded as immunologically unstimulated, since from the moment of 
birth it is exposed to bacterial and viral antigens in the gut and the re- 
spiratory tract, and to immunogenic substances in the food. These natural 
antigens undoubtedly cross-react with antigens of experimental interest. 
Is this sufficient to account for the production of natural antibodies ? 
Sterzl [10] has reviewed the evidence from gnotobiotic experiments. If 
piglets are taken by Caesarean section into isolator chambers and reared in 
germ-free conditions on a non-antigenic diet consisting of hydrolysed 
proteins, they are clearly, for practical purposes, unstimulated. Such 
animals have a lower level of gamma-globulin than normal animals 
(though it is interesting that gamma-globulin is not completely absent). 
No natural antibodies can be detected, even after concentrating the serum, 
and no antibody-producing cells can be detected in the spleen. Sterzl 
concludes that natural antibody is the result of early exposure to natural 
antigen, and that in newborns not stimulated with antigen, cells producing 
antibodies do not occur, and molecules with antibody specificity are not 
found. 

On this view, natural antibodies differ only quantitatively from anti- 
bodies produced by direct antigenic challenge. There are, however, two 
curious points of difference between natural antibodies and immune 
antibodies, which are so far unexplained. (1) The level of immune anti- 
bodies in the serum can be depressed by giving preformed antibody at the 
same time as the antigen. Natural antibodies are not depressed by passively 
administered antibody [9]. (2) Doses of anti-lymphocyte serum sufficient 
to depress the formation of antibodies against Salmonella typhi in dogs 
have no effect on the level of natural antibody [11]. 

Natural antibodies have been found against a wide range of bacterial 
and viral antigens [8], and against red-cell antigens (see p. 50) and this 
raises the question of whether experimental challenge with an antigen can 
ever be regarded as strictly a ‘primary’ stimulus in conventionally reared 
animals. Kim, Bradley, and Watson [12], studying the ‘true primary’ 
response in colostrum-deprived gnotobiotic piglets, found a number of 
features which appear strikingly different from those usually described in 
the primary response. One of the most remarkable findings was that the 
first antibody produced was a 19S globulin which was antigenically 
identical with IgG. It is an extreme but arguable view that all work on the 
gietoset! response will eventually need to be repeated in gnotobiotic 
animals. 


B. The Primary Response* 


Since Glenny and Siidmersen [1] first described the primary and secon- 
dary antibody responses a great deal of information has accumulated on the 


ae ee 


* The classification and nomenclature of the immunoglobulins has been discussed in 
Chapter 3, IMMUNOGLOBULINS (p. 93). The terms IgG and IgM have not been used in 
the following section for two reasons: (1) Much of the work discussed has been in 
animals, often with immunoglobulins of differing antigenic specificity. (2) If the work 
of Kim, Bradley, and Watson [12] is confirmed in other animals, we may need to think 
again before accepting that 19S immunoglobulins are IgM. For these reasons. I shall 
refer to 19S and 7S antibodies in the following sections. ies 
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kinetics of antibody formation. Uhr and Finkelstein [13] have recently 
reviewed the subject. The early work emphasized the striking differences 
between primary and secondary responses. The primary response was 
sluggish, weak, short-lived, and composed mainly of 19S antibodies. The 
secondary response was swift, powerful, prolonged, and composed mainly 
of 7S antibodies. The idea grew that there was a qualitative difference 
between primary and secondary responses. 

More recent work has emphasized the similarity between the two 
responses: if the dose of antigen is adjusted, primary and secondary 
responses can be made to resemble each other quantitatively [14]. 

It has also been shown [15] that experimental artefacts may often be 
responsible for the impression that 19S antibodies are produced first, 
followed after a considerable lag by 7S antibodies (see p. 135). Nossal, 
Austin, and Ada [14] have shown that by varying the dose of flagellin the 
amount of 19S antibody in the secondary response can be varied at will. 


1. THE LAG PHASE 


After the intravenous injection of an antigen there is a delay before 
antibody can be detected in the serum. This has been referred to as the 
‘latent period’ or ‘lag phase’. Its duration is variable. Glenny and 
Siidmersen [1] found a delay of 3 weeks before the appearance of anti- 
bodies to diphtheria toxin. The latent period is shorter for particulate 
antigens than for soluble antigens, and has been found to be as low as 
20 hours for the bacteriophage ¢X 174 [16]. The duration of the latent 
interval is, of course, an experimental artefact. It depends in part on the 
dose of antigen, since the first antibody to be produced will combine with 
circulating antigen and will therefore not be detected by most tests. It is 
also affected by the sensitivity of the method used to detect antibody: the 
more sensitive the method, the shorter is the latent period. Jerne [17] 
points out that the most sensitive methods available leave undetected 101° 
molecules of antibody per ml. of serum, and Svehag and Mandel [18] 
found that the curve for early antibody production would extrapolate 
almost to zero. 

The latent period has recently undergone further drastic reductions. 
Baker and Landy [19] and Sercarz and Modabber [20], using a technique 
capable of detecting 225 molecules of antibody on a single cell, described 
antigen-reactive spleen cells produced in unimmunized mice within 4 hours 
by pneumococcal polysaccharide. However, in 1967, Litt [21] swept the 
board with the sensational claim that he had detected primary antibody in 
guinea-pig lymph-nodes within 7$ minutes of the injection of avian 
erythrocytes into the foot pad. He argued persuasively that he was 
observing genuine immune haemolysis: further evidence on this point will 
be keenly awaited. Clearly, if it can be shown that the primary latent 
period is measured in minutes rather than days, this is of great theoretical 
importance and will affect theories of the mechanism of antibody produc- 
tion. However, it is important to bear in mind that no response In a con- 
ventionally reared animal can strictly be regarded as primary (see p. 130), 
and there is a strong possibility that Litt was describing the destruction of 
red cells by antibody which developed originally against a natural, cross- 


reacting antigen. 
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2. THE LOG PHASE 

At the end of the latent period antibody appears in the serum in increas- 
ing amounts. The rate and extent of antibody formation depend on the 
nature and quantity of the antigen administered. The kinetics of this 
response are discussed by Uhr and Finkelstein [13]. The first antibody to be 
detected is usually a 19S globulin. Provided the dose of antigen is sufficient, 
the increase in antibody concentration in the serum is such that the 
logarithm of the concentration plotted against time gives a straight line, 
until the fourth or fifth day. This is known as the ‘log phase’ or exponential 
phase of antibody production (Fig. 31). ; 

A useful measurement during this phase is the length of time taken for 
the antibody concentration to increase twofold. This is the ‘doubling 
time’. For guinea-pigs given 4X 174 intravenously the shortest doubling 
time is 6 hours. The same figure was obtained by Svehag and Mandel [18] 
for the doubling time of rabbit antibody against poliovirus. Smaller doses 
of antigen give a longer doubling time. 

Soluble antigen produces 19S antibody after a longer latent 
period [22, 23]. The rate of formation of 19S antibody is probably still 
exponential [24]. 

From about the fifth day to the tenth day of the response the rate of 19S 
antibody synthesis falls and then stops completely. From about the tenth 
day the rate of decay of 19S antibody in the serum is similar to that of 
passively administered antibody. 

In the primary response, 7S antibody is usually detected after 19S 
antibody. When 4X 174 is injected into guinea-pigs the latent period for 
7S antibody is 4-7 days (compared with 20 hours for 19S). The latent 
period for 7S antibodies to poliovirus in rabbits is shorter (36- 
48 hours) [18]. Although the rate of formation of 7S antibody is slower 
than that of 19S there is again an exponential phase of antibody produc- 
tion, lasting for 4 days. For antibodies to 4X in guinea-pigs the doubling 
time is 10 hours or more. 

At the end of the log phase of 7S antibody production the serum 
concentration falls much more slowly than that of 19S, and, in fact. 
slow rates of 7S antibody formation may continue for years. 

There is some evidence to suggest that, unlike 19S antibodies, 7S anti- 
bodies against soluble antigens are produced at the same rate, and in the 
same amounts, as those against particulate antigens [25, 26% 


C. The Secondary Response 


A second injection of an antigen, following the first after an interval. 
provokes an earlier rise in antibody titre which reaches a higher level than 
the primary response. This is the secondary or anamnestic response. 

The latent period in Litt’s [21] sensational system (avian erythrocytes in 
guinea-pig lymph-nodes) is reduced from 73 minutes to 30 seconds. For 
salmonella flagella in rats [14] the latent period is reduced from 4 days to 
2 days. A similar reduction in the latent period is seen in the response of 
rabbits to a second injection of sheep erythrocytes [27] and to bovine 
serum albumin [28]. 

The antibody formed in the secondary response is usually 7S, though 
under some circumstances 19§ antibody can also be detected (13, 14]. 
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The rate of rise of antibody in the serum is again exponential, and the 
doubling time (for ¢X antibody) is about 7 hours. This is faster than the 
doubling times observed for primary 7S antibody (10 hours) [13] and 
comparable to those for primary 19S antibody. The exponential phase of 
antibody synthesis continues for about 8 days. Between 10 and 17 days 
after secondary stimulation there is a period during which antibody is 
produced at slower rates. After 2 weeks serum antibody levels fall off to a 
lateau. ‘ 
a Subsequent injections of antigen may produce some further increase in 
antibody production. After a variable number of further injections 
(depending on the dose and type of antigen) antibody production reaches 
an absolute ceiling, and the animal is said to be ‘hyperimmunized ’. 
Eventually, further doses of antigen may produce a state of immunological 
desensitization when antibody production may actually be suppressed by 
the antigen (see p. 152). 

It is convenient for experimental purposes to give single, discrete 
injections of antigen to an animal, and to distinguish primary, secondary, 
tertiary, and subsequent responses; but it is important to bear in mind that 
these responses are a laboratory artefact. In most cases the natural 
exposure of an animal to an antigen is by way of a bacterial or viral 
infection, and immunity will develop as a result of prolonged and con- 
tinuous antigenic stimulation. There will be no distinct primary or secon- 
dary response; antibody production will move gradually from a less 
efficient to a more efficient phase. 


THE SPECIFICITY OF THE SECONDARY RESPONSE 


The specificity of the antigen-antibody reaction is discussed elsewhere 
(p. 184). The specificity of the secondary response is strikingly similar in 
many respects. If an animal which has been stimulated once by a single 
antigen is later stimulated with a second, quite unrelated antigen, it will 
develop a second primary response. If the second antigen is identical with 
the first one, the animal will develop a secondary response. However, 
if the second antigen is similar to, but not identical with, the first antigen a 
number of interesting cross-reactions can be observed, and these throw 
considerable light on the nature of the secondary response. 

Davenport, Hennessy, and Francis [29, 30] observed that adult humans 
who were vaccinated with influenza virus reacted by producing antibodies 
not to the vaccinating strain but to the first strain of influenza virus they 
had encountered naturally in childhood, sometimes as much as 60 years 
earlier. This phenomenon was referred to as ‘Original Antigenic Sin’ by 
Francis [31], who implied that the taint carried by a human after his first 
encounter with antigen was as ineradicable as that acquired by Adam after 
his first encounter with Sin. The topic has since been extensively discussed 
by Fazekas de St. Groth and Webster [32, 33]. After the first response to 
antigen, primed cells are produced with a wide variety of specificities. In 
the normal secondary response all of these will be restimulated, producing 
a heterogeneous population of antibody molecules. When the animal is 
restimulated with a cross-reacting antigen, a much smaller population of 
cells will be stimulated, producing only those antibodies directed against 
antigens common to the primary and secondary stimulus. The antibody 
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produced will have a limited heterogeneity and every antibody molecule 
produced can be absorbed by both the primary and the secondary antigen. 
In the words of Fazekas de St. Groth: ‘Original Antigenic Sin acts as a 
narrow-pass filter on an anamnestic response.’ 

_It has recently been shown in an experimental situation [34] that a 
single molecule can act asa primary and secondary stimulus simultaneously. 
Guinea-pigs were sensitized to either the benzyl-penicilloyl group con- 
Jugated to poly-L-lysine as a carrier or to dinitrophenyl-poly-L-lysine. 
The animals were then tested with a compound in which the benzyl- 
penicilloyl groups and the dinitropheny] groups were both conjugated to 
the same molecule of poly-L-lysine. The animals produced simultaneously 
a secondary response to the priming hapten, and a primary response to the 
new hapten! The situation of original antigenic sin is analogous in the 
sense that the virus strain used for restimulation shares some deter- 
minants with the primary strain and evokes a secondary response to these. 
Other antigenic determinants are unique to it; to these it evokes a primary 
response. 

It has already been demonstrated (p. 39) that the specificity of antigen— 
antibody reactions is such that small alterations in the antigen molecule 
will modify or abolish its reaction with its antibody. In general, it has been 
found that the specificity of the secondary response is similar but rather 
broader [35]. Alterations to the antigen molecule which abolish its 
binding to antibody will reduce or abolish its ability to stimulate a secon- 
dary response. This observation is of great importance to theories of 
antibody production and will be discussed in this context later. 


D. Quantitative Aspects of Antibody Production 
1. SEQUENTIAL PRODUCTION OF 19S AND 7,S ANTIBODIES 


Most workers have agreed that during the primary response 19S anti- 
body is detected in the serum before 7S antibody. However, the sensi- 
tivity of most methods for determining antibodies depends on the affinity 
(see p. 174) between the antigens and the antibody produced. It is known 
that 19S antibodies have a greater affinity than 7S antibodies for bacterio- 
phage particles [33], and greater efficiency in producing haemolysis and 
haemagglutination [15]. This means that in a haemagglutinating system, 
for instance, a molecule of 19S antibody may be 750 times more efficient 
than a molecule of 7S antibody [15]. Conversely, a given haemaggluti- 
nating titre of 7S antibody may represent 750 times more molecules than 
the same titre of 19S antibodies. If 19S and 7S antibodies are produced 
simultaneously, the lower affinity of the 7S antibodies will cause them to 
be detected later. There will therefore appear to be a sequence of antibody 
production, starting with 19S antibody and followed by 7S antibody. Wei 
and Stavitsky [15] and Finkelstein and Uhr [40] both conclude that in the 
systems they studied, 19.8 and 7S antibodies are produced simultaneously 
in the primary response, and that the apparent sequence from 19S to 7S 
is an experimental artefact. There is also no evidence for a 19S-7S 
sequence in the production of rabbit antibodies to diphtheria toxin, 
bovine gamma-globulin, or Salmonella O antigen, or of chick antibodies to 
human serum albumin or bovine serum albumin [15]. 


136 BASIC IMMUNOLOGY 


Finkelstein and Uhr [40] point out the biological advantages of early 
production of 19S antibodies. They are of high affinity and extremely 
efficient in the agglutination of bacterial and virus particles. Because of 
their high molecular weight, they are retained intravascularly and therefore 
build up to a high concentration rapidly. 

Although there is doubt about the sequential appearance of 19S and 7S 
antibodies initially, there is no doubt that later in the immune response 
19S synthesis stops, while 7S synthesis continues at increased rates. A 
possible explanation for this is considered later (p. 158). 


2. CHANGE IN AFFINITY OF ANTIBODY DURING THE IMMUNE RESPONSE 


The affinity of antibody will be defined later (p. 174). It has 
generally been observed that antibody produced early in the immune 
response is of lower affinity than antibody produced later. Glenny and 
Barr [36] first demonstrated differences in the affinity of diphtheria 
antitoxin and Jerne [37] showed that primary antibody was of lower 
affinity than secondary antibody. That affinity increases as the immune 
response proceeds has now been demonstrated for most of the species of 
animal and types of antigen that have been studied. So far the turtle 
seems to be the laggard [38]: despite the most vigorous stimulation with 
bovine serum albumin and haemocyanin, it seems incapable of producing 
antibodies with increasing affinity. . 

The clearest evidence for increasing affinity is for 7S antibodies. Eisen 
and Siskind [39] found that 7S antibody formed to 2,4-dinitrophenol in 
rabbits increased in affinity by a factor of 10,000 during the immune 
response. Finkelstein and Uhr [40] studied the affinity of antibodies 
formed in guinea-pigs to the bacteriophage ¢X 174, and similarly found 
a progressive increase in affinity of 7S antibodies during the primary 
response. Taliaferro, Taliaferro, and Pizzi [41] showed that rabbit 
haemolysins increase in affinity during the secondary response. The 
affinity of 19S antibodies to X 174 also increases between days 4 and 10 
of the immune response [40]. The comparative affinity of 19S and 7S 
antibody molecules has already been mentioned (p. 135). 


3. IMMUNOLOGICAL MEMORY 


If equal doses of antigen are given to an animal on two occasions the 
second will often lead to the production of more molecules of antibody. 
This excess of secondary over primary antibody production gives a useful 
measure for ‘immunological memory’. In guinea-pigs, immunological 
memory can be detected within a month of the primary injection, and 
continues to increase until the interval between the primary and secondary 
stimuli is increased to a year. When the primary dose is reduced, the length 
of time during which memory increases is shortened to 6 months. Similar 
observations have been made in man, where immunological memory has 
been detected over 20 years after the primary stimulus [42]. 

Nossal, Austin, and Ada [14] studied the factors related to the develop- 
ment of memory in rats by using a computer to analyse the results of 
primary and secondary immunization with flagella from Salmonella 
adelaide or with flagellin. They studied some 10,000 titrations on 2000 rats: 
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the doses of antigen varied in tenfold steps from 10 pg. to 100 yg. They 
found that to elicit memory in this system, the secondary dose should be as 
great as or greater than the primary dose. Under these conditions memory 
Was shown to increase steadily with an increasing primary stimulus up to 
10ug. of flagella. The increase of memory was remarkably constant over a 
scale in which the antigen dose was increased a millionfold. Primary doses 
of less than 10 ng. produced a measurable memory, although too small to 
produce a detectable antibody response. The combination of a small, 
sub-immunogenic primary dose (1 ng.) with a large secondary dose was 
found to favour the demonstration of memory in the 19S response. In 
many other systems memory can be evoked by a much smaller dose of 
antigen than the primary response. The immune system, in effect, is a 
highly efficient biological amplifier. 


E. Cellular Aspects of Antibody Production 
1. CELLS WHICH FORM ANTIBODY 
a. Plasma Cells 


In 1898, Pfeiffer and Marx [43] examined the organs of animals injected 
subcutaneously with cholera vaccine and found that the highest concen- 
tration of antibodies was produced in the spleen. Huebschmann, in 
1913 [44], studied the cellular content of the spleen in a number of 
infections and concluded: ‘The cells which are most numerous in the 
sites where defensive reaction of the organism is strongest, and where 
the highest concentration of antibodies accumulates, are the plasma 
cells.’ 

The plasma cell, which was first named by Waldeyer in 1875, was defined 
by Cajal [45], Unna [46], and von Marschalko [47] as a round or oval cell 
with strongly basophilic cytoplasm, often containing a light zone adjacent 
to the nucleus. The nucleus itself is eccentrically placed with ‘clotted’ 
chromatin, sometimes wheel-shaped (Fig. 32 A). In 1937, Bing and 
Plum [48] drew attention to the increased number of plasma cells found in 
conditions associated with an increase in serum gamma-globulin, and 
suggested that gamma-globulin is in fact produced by plasma cells. 
Fagraeus in 1948 [49], in an extensive experimental study, confirmed that 
antibody production in tissues was closely associated with the presence of 
plasma cells and their precursors, and showed that plasma cells in vitro 
are capable of producing antibody. Coons and his co-workers, who had 
developed the method of conjugating fluorescent compounds to antibody 
molecules (see p. 195), showed, in an important series of papers in 
1955 [50, 51, 52], that antibody against a specific antigen could be 
identified in plasma cells in the spleen and lymph-nodes. 

De Petris, Karlsbad, and Pernis [53] studied under the electron micro- 
scope plasma cells from rabbits which had been hyperimmunized with 
ferritin. They used ferritin as a label to demonstrate the site of antibody 
production within the cell and showed that the antibody accumulated 
within the endoplasmic reticulum (Fig. 32 B). 

There is no doubt, then, that mature plasma cells produce antibody. 
There is, however, evidence that they are not the only antibody-producing 
cells. 
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Fig. 32.—A, Plasma cell. Electron micrograph of a guinea-pig plasma cell, 
showing coarse pattern of chromatin and extensive endoplasmic reticulum. 
(< 8000.) (Reproduced from W. Bloom and D. W. Fawcett (] 968), ‘A Texthook of 
Histology’, by kind permission of the Authors and of Saunders, Philadelphia.) 
B, Electron micrograph of plasma cell showing ferritin granules attached to antibody 
in endoplasmic reticulum, Reproduced from §. de Petris et al. (1963), ‘Journal of 


Experimental Medicine’, vol. 117, p. 849, by kind permission of the Authors and 
of the Rockefeller University Press, New York. 


THE PRODUCTION OF ANTIBODY 1) 
b. Lymphocytes 


When rabbits are stimulated to form antibody against sheep red blood- 
cells, the efferent lymph from the stimulated gland contains a variety of 
cells, ranging from small lymphocytes, through medium and large 
lymphocytes to plasma cells. Harris and his co-workers [54] showed that 
the plasma cells were not the only cells producing antibody. Using a 
modification of the Jerne plaque technique (see p. 224), he showed that 
some of the antibody-forming cells were lymphocytes containing a few 
strands of endoplasmic reticulum. He suggested that these cells are 
precursors of plasma cells, and that antibody can be produced in a variety 
of cells ranging from medium lymphocytes to mature plasma cells. 
Whether these cells represent stages in the formation of the mature 
plasma cell, or whether every cell in the spectrum, from the small lympho- 
cyte with a few strands of endoplasmic reticulum in its cytoplasm through 
the medium and large lymphocytes to the mature plasma cell with a dense 
tightly packed endoplasmic reticulum, is a fully mature and specialized 
end-product we do not yet know. Van Furth et al. [55, 56, 57, 58] have, 
however, studied the production of immunoglobulins by normal human 
cells in vitro, and found that while plasma cells and large and medium 
lymphocytes all produce IgG, IgA, and IgM, small lymphocytes produce 
only IgM. This may, perhaps, suggest a specialized function for each type 
of cell. Sell and Asofsky [59] have reviewed the role of lymphocytes in the 
production of antibodies. 


2. How MANY ANTIBODIES FROM ONE CELL? 


It is of great importance in considering theories of antibody production 
to know how flexible the equipment of an individual plasma cell can be. 
Can a single plasma cell produce more than one class of immunoglobulin? 
Is it capable of producing more than one type of antibody? A considerable 
amount of recent work has thrown light on these questions. 

It has been widely found that individual plasma cells produce only 
immunoglobulins of a single class, and probably of a single subclass and 
allotype (see Pernis [60] for discussion and references). There seem to be a 
few exceptions. Costea et al. [61] have described myeloma cells ina human 
which appear to produce both IgG and IgA. Nossal et al. [62] found that 
in immunized rabbits when antibody production is shifting from pre- 
dominantly IgM to IgG molecules, individual cells may appear to contain 
antibodies in both classes. 

Until recently, the question of whether a single plasma cell could 
produce more than one type of antibody was ground for heated contro- 
versy. On the one hand, Attardi et al. [63, 64] examined cells from rabbit 
lymph-nodes after stimulation with two types of bacteriophage which are 
antigenically distinct. Single cells were cultured in micro-drops and 
antibody was measured by phage inactivation. It was found that nearly a 
quarter of the antibody-producing cells were forming antibody against 
both antigens. Hiramoto and Hamlin [65], using an immunofluorescent 
technique, also found plasma cells producing two antibodies simul- 
taneously. However, Green et al. [66], who studied rabbits forming anti- 
bodies against the dinitrophenol group conjugated to bovine serum albumin 
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or bovine gamma-globulin, found that single cells produced antibodies 
either against the hapten (DNP) or against the carrier protein, but never 
against both. They sharply criticized the earlier work. In 1967, Makela [67], 
who had previously [68] found evidence for single cells producing anti- 
bodies against two types of Salmonella, repeated the experiments of 
Attardi with more stringent precautions, and found, out of 112 cells 
producing antibody, none which was producing antibody of more than 
one type. Earlier results were probably due to artefacts. 

In an even more extensive series of experiments Sela and his co- 
workers [69] examined 17,000 cells from mice producing antibodies to 
rabbit and camel erythrocytes and 28,000 cells from rabbits producing 
antibodies to two synthetic haptens, and found no instance of a cell 
producing more than one antibody. : 

The current view, then, is that a single plasma cell or lymphocyte will 
almost always produce gamma-globulin of only one class, subclass, or 
allotype, and that a single antibody-producing cell is committed to 
producing antibody of one specificity only. There is no currently accept- 
able evidence of cells producing more than one type of antibody. 


3. THE ROLE OF THE MACROPHAGE 


Macrophages are mononuclear phagocytic cells which are found in 
large numbers in inflammatory exudates and are also present in lymph- 
nodes (Fig. 33). Van Furth [70], by labelling mononuclear cells in mice 
with %H-thymidine, showed that the macrophages which arise in peri- 
toneal exudates in response to a chemical irritant are derived from 
mononuclear cells in the blood, which arise in turn from pro-monocytes 
in the bone-marrow. 

The role of macrophages in trapping antigen has been discussed earlier 
(p. 129). The relationship between delayed hypersensitivity and the 
inhibition of macrophage migration in vitro is considered elsewhere (p. 256). 

The main question to be considered here is the relationship of macro- 
phages to antibody-producing cells. It is known that phagocytosis of 
antigen by macrophages is an essential preliminary to antibody produc- 
tion [71]. It 1s known that particulate antigens are more strongly antigenic 
than soluble antigens, and also that they are more readily phagocytosed. 
Dresser [72] showed that if bovine gamma-globulin (BGG) was subjected 
to high-speed centrifugation to remove aggregated particles, the soluble 
BGG which remained was no longer immunogenic. Frei, Benacerraf, and 
Thorbecke [71] first suggested that a soluble antigen gaining direct access 
to a lymphocyte would produce immunological paralysis, while a parti- 
culate antigen, after being processed by macrophages, would be presented 
to the lymphocytes in an immunogenic form. This hypothesis is supported 
by Dresser and Mitchison [73]. 

It is widely accepted that phagocytosis by macrophages is an important 
step in the handling of antigens, and that subsequent contact between 
macrophages and lymphocytes is necessary for antibody production. 
Schoenberg and co-workers [74] have claimed to demonstrate the presence 
of cytoplasmic bridges between macrophages and lymphocytes during 
antibody synthesis. There is, however, controversy over the way in which 
macrophages handle antigens. Fishman and co-workers [75] took 
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macrophages from rat peritoneal exudate and incubated them with 
antigenic particles of bacteriophage. The macrophages were then removed 
washed, and homogenized. The homogenate was added to lymphocytes 
from unimmunized rats and stimulated them to produce antibody. It was 
claimed that the immunogenic material which passed from the macro- 
phages to the lymphocytes was of low molecular weight and was sensitive 





antiferritin precipitate (pp, ppt) are seen in membranous sacs. Vil = villi, nuc = 
nucleus, ne = nucleolus, gol = Golgi apparatus, cen =centriole, mit = mito- 
chondria, rsv = rough-surfaced vesicles. Eosinophil (EOS) with granule (gr). 
(« 15,000.) Reproduced from A. W. Ham (1965), * Histology’, Sth ed., by kind per 
mission of Lippincott, Philadelphia. Preparation by H. Z. Movat. 


to ribonuclease. Fishman suggested that transfer of a special type of RNA 
was involved, and that this carried information about the antigen to the 
unimmunized lymphocytes. Askonas and Rhodes [76], however, found 
that the immunogenic material was in fact fragments of partly digested 
antigen bound to RNA. They called this material ‘super-antigen’. The 
difference is important: it would not be particularly surprising to find that 
antigens can be rendered more antigenic by partial digestion in macro- 
phages; but if it were established beyond doubt that lymphocytes can be 
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stimulated by antigen-free RNA derived from macrophages, the implica- 
tions, both for molecular biology and for theories of antibody-production, 
would be far-reaching. Fishman has subsequently been concerned to 
show that antigen-free RNA can, in fact, carry the message which stimulates 
the lymphocyte to produce specific antibody. In 1967 [77] he claimed to 
have found two active fractions derived from sensitized macrophages. 
One, a complex of RNA linked to fragments of antigen, appeared to be 
responsible for the production of 7S antibodies. The other, apparently 
pure RNA, was responsible for the 19S response. However, in 1968, 
Unanue and Askonas [78], by transferring primed macrophages to 
irradiated mice and later adding unstimulated lymphocytes, found that 
macrophages were capable of holding antigen fragments in a relatively 
stable pool, probably related to the cell membrane, for considerable 
periods, and suggested that this might serve as a stimulus for lymphocytes 
with which it comes in contact. 

In summary, it is now clear that macrophages play an important role 
in initiating antibody production. Whether they do so by processing the 
antigen and presenting it to the lymphocytes in a more immunogenic form, 
or whether they transfer information by means of antigen-free RNA, is 
still ground for controversy, though the weight of evidence favours the 
former alternative. 


G, 1 hr. —+¥ 


M 0-5 hr, —= 





G, 0-7 hr. — 


Fig. 34.—Cell cycle of lymphoblasts. This shows the approximate duration of 
G,, S, G, and M. (After Sado and Makinodan [80].) 


4. CELLULAR PROLIFERATION AND ANTIBODY PRODUCTION 


Having considered the nature of the cells which produce antibody, we 
are now concerned with the question of how these cells arise in response 
to an antigenic stimulus. In particular, do antibody-producing cells arise 
by differentiation from precursor cells, or by cell-division, or by both 
methods? A considerable amount of work on the cellular kinetics of the 
antibody response in vivo and in vitro has been published in recent years. 
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It has important implications for theories of antibody production: 
unfortunately there is still a conflict of evidence in some vital areas. 

_In considering the question of cellular differentiation versus cellular 
division, an important limiting factor is the minimum duration of the 
cycle of cell-division in an individual cell. A mammalian cell passes 
through a number of stages during the process of growth and develop- 
ment. Howard and Pelé [79] first suggested that these could be represented 
as sectors of a clock-face through which the cell passes sequentially (Fig. 34). 
The phase during which DNA synthesis occurs has been termed fo; ine 
phase of mitosis *M’, and the two gaps in which no DNA is synthesized 
“Gl” and ‘G2’. 

Proteins and RNA are synthesized through G1, S, and G2. Sado and 
Makinodan [80] estimated the generation time of blast cells involved in 
the antibody response and concluded that it was about 9 hours. More 
recently Tannenberg and Malaviya [81] suggested a generation time of 
13 hours for 19S plaque-forming cells in the log phase of both the primary 
and secondary responses in mice. It follows that any antibody-producing 
cell which has arisen in less than 9 hours after antigenic stimulation cannot 
have passed through more than one cycle (M to M). 


a. Cellular Events during the Lag Phase 


Makinodan and Albright [82], in a stimulating review, discussed 
cellular changes in all phases of the immune response. During the 
induction phase, antigen is localized in dendritic macrophages in the 
germinal follicles of lymph-nodes and in the white pulp of the spleen 
(see p. 127). At the same time, the germinal centres hypertrophy [83] and 
immature lymphoid cells (presumably the precursors of antibody-forming 
cells) migrate into the red pulp of the spleen. The relationship between 
macrophages and antibody-forming cells has been discussed previously 
(p. 140). Towards the end of the induction phase DNA synthesis begins. 
Dutton and Mishell [84] showed that at this stage (24-32 hours after the 
addition of antigen) spleen cells in vitro take up tritiated thymidine. A 
large dose of tritiated thymidine was added to the medium to kill dividing 
cells (the ‘hot pulse’ technique) and it was found that the production of 
plaque-forming cells was inhibited only if the pulse was given more than 
24 hours after the administration of antigen. This suggests that, in vitro, 
the first 24 hours after antigen administration is taken up with the handling 
of antigen, and not with cellular division or DNA synthesis. Similar 
findings in vivo have been reported by Szenberg and Cunningham [85], 
who found that antibody-forming cells in mice immunized with sheep 
erythrocytes began to take up tritiated thymidine between 26 and 28 hours 
after antigenic stimulation. 


bh. Cellular Events during the Log Phase 


During the logarithmic phase of antibody production there is a striking 
cellular proliferation. The germinal centres are the site of vigorous mitotic 
activity [83] and increasing numbers of plasma cells appear in the medulla 
of lymph-nodes [50, 51] and in the red pulp of the spleen [86]. 

During the primary response in vivo [87] and in vitro [84] the increasing 
rate of antibody production is paralleled by an increase in the number of 
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antibody-forming cells, so that, for instance, when mice respond to sheep 
erythrocytes the rise in serum antibody is accompanied by a parallel rise 
in the number of plaque-forming cells in the spleen [87]. The same 
observations have been made for the secondary response [88]. It is 
therefore clear that the increased levels of antibody appearing in the blood 
after antigenic stimulation are due mainly to an increase in the number of 
antibody-producing cells. Most workers have accepted that the new 
antibody-forming cells arise as a result of mitosis, and that the doubling 
time of serum antibody represents the doubling time of the cells in- 
volved [89, 84]. Koros, Mazur, and Mowery [90] studied DNA synthesis 
in plaque-forming cells by taking spleen cells from mice immunized with 
sheep erythrocytes and incubating them with tritiated thymidine in vitro: 
their results suggested that the exponential increase in plaque-forming cells 
was due entirely to cellular proliferation, and that the rate of proliferation 
was proportional to the logarithm of antigen dose. Antigen appeared to 
shorten the G1 phase of the cycle, but did not affect the duration of S. 

There have, however, been some dissident voices. Simonsen [91], who 
studied graft-versus-host reactions in mouse and chicken, and Bussard [92], 
studying peritoneal exudate cells in mice, concluded that lymphocytes 
had the potential ability to respond to more than one antigen, and that 
the primary response was not characterized by cellular proliferation. 
Tannenberg [93] also observed that if mice were immunized with sheep 
erythrocytes, their spleens contained cells producing 19S antibody which 
did not take up tritiated thymidine and had not therefore undergone 
mitosis. He has more recently [81] studied the generation time of 19S 
plaque-forming cells in mice and has claimed that, at a time when the 
doubling time for plaque-forming cells is 6 hours, their generation time is as 
long as 13 hours. This would suggest that a large proportion of the 
plaque-forming cells does not arise by mitosis. Tannenberg’s earlier work 
has been criticized on technical grounds [90], and this is at present an area 
of lively controversy, where further experimental work will be needed to 
clarify the issue. 

Up to now we have been considering the question of whether antibody- 
producing cells arise by cell division. We can now turn briefly to the 
question of whether antibody-producing cells can themselves divide. 
Although plasma cells are usually considered as end-cells incapable of 
further division, there is evidence that at least some antibody-producing 
cells are capable of further mitosis. Claflin and Smithies [94], studying 
spleen cells from mice responding to cow erythrocytes, found that a large 
number of plaque-forming cells was undergoing mitosis, and that each 
of the daughter cells was capable of producing antibody. 


ce. Cellular Events during the Plateau and Decline Phases 


The burst of cellular proliferation which accompanies the exponential 
phase of antibody production slowly declines at the onset of the plateau 
phase. Jerne, Nordin, and Henry [87] showed that the rate of decrease in 
haemolysin titre was approximately the same as the rate of decrease in the 
number of plaque-forming cells in the spleen. During the plateau phase 
antibody-producing plasma cells which do not synthesize DNA appear 
in lymphoid tissue [95]. They have a half-life in tissues of less than 2 
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days [96]. Makinodan and Albright [82] conclude that the plateau phase 
and decline of antibody production are the result of suicidal differentiation 
of a series of plasma cells. 


d. Cellular Basis of Memory 


Immunological memory is a remarkably long-lasting phenomenon. It 
has been demonstrated after 20 years in humans [42]. To explain this 
tremendous time-scale it would be necessary to postulate either that antigen 
is retained within the animal throughout the whole period and produces a 
slowly declining stimulation of the immune apparatus, or that there are 
cells carrying memory which have an extremely long survival time in the 
body. Studies on the survival of antigen (reviewed en passant, by Uhr and 
Moller [97]) have shown that antigens are catabolized at varying rates, none 
of which is commensurate with the time scale of immunological memory. 
For the second possibility, evidence was provided by Gowans and Uhr [98], 
who showed that immunological memory could be transferred from an 
immunized rat to a syngeneic, irradiated recipient, by transferring small 
lymphocytes obtained from thoracic-duct drainage. Buckton, Court 
Brown, and Smith [99] showed that human circulating small lymphocytes 
have a mean life-span of 1574 days, with 95 per cent confidence limits that 
extended from 891 to 6743 days. The circulating small lymphocyte is there- 
fore a cell with a life-span of the order required for immunological memory. 

Celada [100] introduced an elegant model for the study of memory 
cells. Mice were immunized with human serum albumin, and their spleen 
cells were injected into irradiated syngeneic hosts. The hosts were chal- 
lenged at intervals with antigen, and the antibody titre was used to 
compute the survival of memory cells from the original immunization. 
He observed a biphasic decline in memory, corresponding with a short- 
lived cell population (half-life 15 days) and a long-lived population (half- 
life 100 days). The latter group correspond well with long-lived mouse 
lymphocytes. Celada also observed that the rate of decay of memory cells 
seemed to be independent of the number of times they were rechallenged 
with antigen, and suggested that a very small proportion of memory cells 
would transform under the influence of antigen into terminal plasma cells. 
Byers and Sercarz [101], using a different system for testing memory cells, 
found that they could in fact be exhausted by a very large dose of antigen. 
Bosman and Feldman [102] studied this problem directly, by injecting rats 
with tritiated thymidine during the primary response to keyhole limpet 
haemocyanin. Labelled cells were examined up to 50 days later, and the 
effect of a secondary challenge was observed. They concluded that the 
cells responsible for memory were ‘mature, resting monoribosomal 
lymphocytes’, and that antigenic restimulation converted them into 
polyribosomal lymphocytes and blast cells, which in turn gave rise to 
plasma cells, either by differentiation or by division. 


e. Theoretical Implications of Cellular Studies 


One of the great debates of immunology deals with the origin of the cells 
which produce antibodies. Do they arise by selection from committed 
precursors, destined since their origin to produce antibody of a single 
specificity, or do they arise from a pool of uncommitted totipotent cells, 
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programmed to produce antibody by contact with a particular antigen? 
Theories supporting the first assumption are selectional: those accepting 
the second, instructional. ; 

Theories of antibody production have recently been reviewed by 
Jerne [103], Haurowitz [104], and Smithies [106]. The two striking 
features of the immune response, which challenge any hypothesis, are 
(1) the extremely high degree of specificity of antibodies, which are 
capable of distinguishing between very closely related antigens (see 
p. 39), and (2) the very wide range of antibodies which can be produced 
by an individual animal. 





Fig. 35.—A, Shows free antitoxins being liberated into the circulation. The 
cell also has bound antitoxins (and other receptors) On its surface. B, Shows free 
antitoxins and toxin/antitoxin complexes in the circulation. Reproduced from 
P. Ehrlich, * On Immunity with special reference to Cell Life’, * Proceedings of the Royal 
Society of London’, vol. 66, 1899-1 900, by kind permission of the Council of the 
Royal Society, London. 


The first convincing general theory of antibody production was devised 
by Ehrlich [107], who suggested that the organism produced cells bearing 
on their surface ‘receptors’ capable of reacting with particular antigens 
(Fig. 35). He proposed that the union of antigen and receptor stimulated 
the production by the cell of further receptors, some of which passed into 
the circulation as free antibodies. There are many features of this theory 
which are acceptable today. It is essentially a selective theory, since it 
assumes that antigen selects for interaction cells already capable of making 
a specific antibody. 

When Landsteiner [108, 109] found that antibodies can be formed 
against synthetic haptens which are never found in nature, it became more 
difficult to visualize an appropriate selective theory. Why should an animal 
go to the extravagant length of holding available a highly specific antibody 
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against an antigen which it would never encounter except at the hand of an 
inquisitive immunologist? Breinl and Haurowitz [110] put forward the 
first instructive theory of antibody production, suggesting that an antigen 
could interfere with the biosynthesis of gamma-globulin in such a way that 
the synthesized molecule contained a combining site complementary to the 
antigen. This theory was later taken up by Pauling [111], who suggested 
that the antigen acted as a ‘template’, and that the peptide chain of the 
antibody was folded to fit it. 

The revitalization of selective theories began when Jerne [112] proposed 
his ‘natural-selection theory of antibody formation’. This was modified 
by Burnet [113], who offered a ‘clonal selection theory’. He suggested 
that individual cells of the lymphoid series were precommitted to produce 
a certain type of antibody. When a cell encountered the appropriate 
antigen it was stimulated to repeated cell-division, producing a clone of 
similar cells, all with the same antibody-producing ability. After a period 
in the doldrums, selective theories have become increasingly popular, and 
most recent experimental work is consistent with some kind of selective 
interpretation. 

The purpose of this section is to examine the relevance of cellular 
studies to the debate. It will be useful first to dispose of some quantitative 
questions. (1) Can the wide diversity of antibody molecules be explained in 
terms of the known structural variability of the gamma-globulin molecule? 
In considering the number of possible antigens Haurowitz [104] concludes 
that *‘10°-10° different immunoglobulins would be sufficient to combine 
specifically with all of the normal and synthetic haptens’. Jerne had 
previously suggested a figure of 10° as a reasonable estimate of the number 
of antigens to which an organism could be expected to respond. (2) Are 
there enough lymphocytes in the body to account for this diversity of 
antibodies, assuming that a lymphocyte can produce only one antibody? 
Jerne [103] takes 10!* as a reasonable figure for the number of lymphocytes 
in aman. Makinodan and Albright [82] suggest 6 x 108 as the number of 
lymphocytes in a mouse. These figures are sufficient to accommodate 
reasonable numbers of lymphocytes producing each of the antibodies of 
which the organism is capable. 

A single plasma cell cannot be shown to produce more than one anti- 
body. The crucial question now, from the theoretical point of view, is: 
What is the potential ability of the precursors of antibody-forming cells? 
Clearly, a selective theory would predict that they must themselves be 
unipotent, capable of developing into only a single type of antibody- 
producing cell, while an instructional theory would have them to be 
totipotent, capable, under the influence of antigen, of developing into any 
possible antibody-producing cell. There is very little experimental work 
on this point. Earlier work is reviewed by Shearer et al. [114], who studied 
the question by transplanting spleen-cell suspensions from unprimed donor 
mice into irradiated recipients. The host mice were challenged with sheep 
erythrocytes, and the development of cells producing three different types 
of antibody (19S haemolysins, 7S haemolysins, and haemagglutinins) was 
studied. The results suggested that each of the three types of antibody- 
producing cell was derived from a different type of precursor cell, and that 
the precursors of antibody-forming cells (‘antigen-sensitive units’) were 
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themselves unipotent. This implies that the specificity of antibody-forming 
cells has developed before interaction with antigen. 

The earliest precursors of antibody-forming cells are not antigen- 
sensitive. Papermaster [115] reviewed the question of when and how 
antigen-sensitive cells develop. The earliest precursor cells are found in the 
bone-marrow. For these to develop into antigen-sensitive cells, the thymus 
appears to be essential [115, 116, 117, 118]. Thymus lymphocytes, which 
are not themselves immunologically competent, appear to co-operate with 
bone-marrow precursor cells to produce antigen-sensitive units. Miller 
and his co-workers [116, 117, 118] have shown that the antibody-producing 
cells are descendants of the bone-marrow cells, and not of the thymocytes. 
The thymus cells take an indirect part, the details of which are still obscure. 
Miller suggests that they are themselves antigen-sensitive, but formal proof 
for the interaction of antigen and thymus cells is lacking. If further work 
confirms that antigen-sensitive cells are unipotent, we shall then have to 
ask whether thymocytes or the bone-marrow precursors of antibody- 
forming cells are unipotent. There is at present no experimental evidence 
on this point. 

Evidence on the number of target cells available for a particular antigen 
suggests that one cell in 10° in the mouse spleen can respond to sheep 
erythrocytes. This figure is comparable with those obtained in other 
systems [103], and is quite compatible with the hypothesis that individual 
unipotent antigen-sensitive units exist for each antigen. The work of 
Dutton and Mishell [119] provides in vitro confirmation of the unipotency 
of antigen-sensitive units (see p. 143). 

The evidence from cellular kinetics, which has been discussed earlier 
(p. 144), is less conclusive and less relevant. The central problem is 
whether antibody-producing cells arise by proliferation or by differentia- 
tion. This is indirectly connected with theories of antibody production: 
Burnet suggested that antigen would stimulate proliferation in a clone of 
sensitive cells, while an instructive mechanism would act on a cell after 
mitosis and lead it to produce antibody without undergoing cell division. 
Superficially, proliferation would seem to favour a selective mechanism, 
differentiation an instructive mechanism. However, a little thought will 
show that these are not necessary or absolute correlations, and that 
whichever cellular mechanism is eventually demonstrated, it would be 
possible to adapt either theory to fit the facts. 

To sum up, cellular studies have shown that antibody-producing cells 
are committed to one antibody, and that their precursors, the antigen- 
sensitive cells, are probably unipotent. There is no experimental evidence 
on the degree of commitment of the precursors of antigen-sensitive cells 
So far, all the evidence is compatible with selective theories. We are 
observing the death-agony of the Instructional Theory. Haurowitz, who 
gave it birth, disowned it in 1967 with the words: *... the Selective 
Theory is now more attractive to me than it ever appeared before’ [104]. 

If it can be confirmed that differentiation into unipotent cells takes place 
before interaction with antigen, then the Instructional Theory already 
disowned by its progenitor, will be laid to rest. fi ; 
Ba ear ihe pele at ae pe HY in the ascendant, the main 

é : eld of genetics. How can we 
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account, in terms of genes, for the enormous number (10°) of different 
immunoglobulin molecules which must be produced? This problem has 
been reviewed by Smithies [106] and is considered in more detail else- 
where in this book (see p. 113). 


III]. FACTORS WHICH INCREASE THE IMMUNE RESPONSE 
Adjuvants 


‘Some antigens, such as sheep erythrocytes, or the bacteriophage $X 174 
will stimulate vigorous primary antibody production when given by a 
single intravenous or intradermal injection. Other weak antigens are 
ineffective when injected alone but can be made to stimulate antibody 
production if they are injected intradermally together with one of a 
number of non-specific stimulating agents or adjuvants. The one most 
widely used is Freund’s complete adjuvant [120] which consists of a sus- 
pension of tubercle bacilli in an oil-detergent mixture. For the adjuvant 
to be effective, the antigen, in aqueous solution, must be thoroughly 
emulsified in the adjuvant. Freund’s complete adjuvant increases delayed 
hypersensitivity, as well as antibody production. For some purposes 
it is convenient to use Freund’s incomplete adjuvant, from which 
the tubercle bacilli are omitted. This stimulates antibody production, 
though generally less than the complete adjuvant, and produces only a 
transient, weak delayed hypersensitivity. 

The action of Freund’s complete adjuvant represents a combination of 
two effects: (1) The adjuvant effect of a water-detergent—oil emulsion of 
antigen and (2) the adjuvant effect of tubercle bacilli. 


1. NON-ANTIGENIC ADJUVANTS 


In Freund’s incomplete adjuvant the antigen in solution is emulsified 
with a mineral oil (Bayol) and a detergent (Arlacel) and injected intra- 
dermally or subcutaneously. Paraffin oil or peanut oil can be used instead 
of Bayol, and lanolin will replace Arlacel. About 3 weeks after the 
injection of antigen in incomplete adjuvant granulomata form at the site 
of injection. The antigen can be identified in oily vesicles contained in 
macrophages (foam cells) [4]. The increased effectiveness of antigen under 
these conditions is presumably due to the delay in its absorption and 
elimination. Antigen is liberated in small amounts over a long period and 
thus produces the greatest possible stimulation of antibody production. 
Gall [121] has also suggested that adjuvant properties may be linked in 
some cases with surface-active molecules, which would help to unite 
antigens to the cell surface. Other non-antigenic agents are effective 
adjuvants. Diphtheria toxoid is a more effective antigen if absorbed on to 
mineral gels such as aluminium hydroxide, calcium, or aluminium phos- 
phate or silicate. The effectiveness of antigens is also increased when they 
are absorbed on to silica particles [122] or cellulose [123], or mixed with 
acrylamide gel [124]. 


2. ANTIGENIC ADJUVANTS 


The tubercle bacteria in Freund’s complete adjuvant are, of course, 
strongly antigenic in their own right and may be effective as an adjuvant 
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in the absence of the oil-detergent emulsion. This was first demonstrated 
by Dienes and Schoenheit [125], who found that ovalbumin and horse 
serum, which are not normally antigenic in the guinea-pig, could be made 
to produce an immune reaction if they were injected into the lesions of a 
tuberculous animal. In this instance, the antigen produced delayed 
hypersensitivity rather than antibody. Killed tubercle bacilli greatly 
increase the effectiveness of many antigens, and White [4] showed that the 
adjuvant activity appeared to be associated with a peptidoglycolipid 
derived from the Wax D fraction. He suggested that its adjuvanticity might 
be associated with two features of the molecule: its surface-active properties 
and its strong affinity for gamma-globulin. Other bacteria (nocardia, 
corynebacteria, and pertussis) have been shown to act as adjuvants, 

The histological changes observed after injection of an antigen in 
Freund’s complete adjuvant are similar to those observed with incomplete 
adjuvant, but more marked [126]. The granulomata show large numbers 
of epithelioid cells and giant cells. Lymph-nodes adjacent to the injection 
show a similar granulomatous reaction, while the more remote ones show 
plasma-cell proliferation in the medulla. 

Not all the activity of an adjuvant can be explained by its local effect, 
since it has been shown [127] that the immunogenicity of an antigen is 
increased if the adjuvant is given before the antigen, or into a different site. 
Some, at least, of the explanation of adjuvanticity may lie in the ability of 
adjuvants to stimulate phagocytosis by macrophages. 


Immune Deviation 


In cases where the administration of an antigen in Freund’s complete 
adjuvant stimulates both antibody production and delayed hypersensitivity, 
it has been found that prior injection of the antigen alone may reduce 
delayed hypersensitivity, while leaving antibody production intact. This 
phenomenon has been referred to as ‘immune deviation’ and is reviewed 
by Asherson [128]. It is not yet clear whether this is a particular example 
of immunological paralysis (see p. 152). 


IV. FACTORS WHICH DEPRESS THE IMMUNE RESPONSE 
A. X-irradiation and Immunosuppressive Drugs 


Irradiation of living tissues with X-rays produces striking damage 
to cells. The molecular basis of this effect has been reviewed by 
Hutchinson [129]; one of the main features is the disruption of strands of 
DNA. Since the immune response is dependent on protein synthesis, it is 
not surprising to find that it can be dramatically suppressed by X-irradia- 
tion. In general, the primary response and the secondary response seem 
to be equally radiosensitive [130, 131], while delayed hypersensitivity is 
considerably more resistant than antibody production [132, 133]. The 
time relationship between irradiation and administration of antigen is 
important. Taliaferro and Taliaferro [130] studied the formation of 
haemolysin in rabbits given 0-125 ml. of | per cent sheep red-cells per kg. 
intravenously. They found the greatest depression of antibody production 
when the antigen was given 24 hours after irradiation with 500 r. (Fig. 36). 
The length of the induction period was also increased. With longer 
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intervals between the irradiation and immunization, haemolysin levels 
gradually returned to normal, though some reduction of antibody levels 
could be found when antigen was given as long as 4 weeks after irradiation. 
Irradiation given after immunization was less effective in inhibiting anti- 
body production. Curiously it was found that irradiation 1-4 hours after 
the administration of antigen enhanced antibody production. 
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Fig. 36.—The effect of irradiation on antibody production in a group of rabbits 
injected with sheep erythrocytes at various times before and after irradiation with 
500r. After W. H. Taliaferro and L. G. Taliaferro [130]. Reproduced from J. H. 
Humphrey and R. G. White (1964), ‘Immunology for Students of Medicine’, by kind 
permission of Blackwell Scientific Publications, Oxford. 


The effect of cytotoxic drugs on the immune response has recently been 
reviewed by Gabrielsen and Good [134]. Berenbaum [135] has discussed in 
detail the mechanism of immunosuppression. In general, their effects are 
similar to irradiation. They are most effective if administered 2 days before 
immunization. For a short period after immunization they may even 
enhance antibody production. 

The immunosuppressive effects of irradiation and cytotoxic drugs 
should throw light on the mechanism of the immune response, but up to 
the present the light appears to be somewhat veiled. The handling of 
antigen by macrophages is relatively radioresistant [136] and Fitch 
et al. [137] found that antigen was taken up normally in the spleen and 
lymph-nodes of irradiated rats. The cells which are most clearly sensitive 
to irradiation and cytotoxic drugs are small lymphocytes, which would be 
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expected to show the greatest radiosensitivity at a period when they are 
dividing rapidly. Dutton and Mishell [84] have shown that in vitro 
suspensions of spleen cells show a burst of mitotic activity 32-72 hours 
after the addition of antigen, and this is the stage at which they are most 
susceptible to destruction with high-activity tritiated thymidine (the 
‘hot-pulse’ technique, see p. 143). There is, so far, no clarification from 
in vitro studies of the immunosuppressive effect of irradiation given before 
antigen. One possible interpretation is that the lymphocytes which react 
with antigen in vivo are formed by cell division 2 days before antigen is 
administered. If this hypothesis is supported by further work, it will 
provide support for a selective theory of antibody production. 


B. Immunological Paralysis 


Under certain circumstances a substance which would normally 
stimulate antibody production or delayed hypersensitivity may have the 
opposite effect and render an animal immunologically non-reactive. This 
phenomenon is usually specific, so that the non-reactivity is limited to the 
antigen itself or to closely related substances. This specific depression of 
immunological reactivity is known as ‘immunological tolerance’ or 
‘immunological paralysis’. It has recently been reviewed in detail by 
Dresser and Mitchison [73]. 

Immunological paralysis was first demonstrated in young animals, and 
it was thought that it depended on a specific and unique condition of 
the foetus. This aspect of tolerance is discussed in detail elsewhere (p. 332). 
However, a number of early observations had indicated that tolerance 
could also be induced in adult animals. Sulzberger [138] had shown that it 
was no longer possible to sensitize guinea-pigs to neoarsphenamine after 
they had been injected intravenously with the antigen. Chase [139] also 
showed that if guinea-pigs were fed repeated small doses of a chemical 
allergen, they became tolerant and could no longer be sensitized by skin 
applications. Felton [140] showed that while small doses (0:5 ug.) of 
pneumococcal polysaccharide caused antibody production in the mouse, 
larger doses (0-5-5-0 mg.) produced no antibody and rendered the animal 
specifically insensitive to the antigen for some months. He termed this 
‘immunological paralysis’. It is now recognized that the three pheno- 
mena of neonatal tolerance, the Sulzberger-Chase phenomenon, and 
Felton’s paralysis are all related, and the terms ‘immunological tolerance’ 
and ‘immunological paralysis’ can be used interchangeably. 

Mitchison [141] demonstrated clearly that for many antigens and for 
many animals increasing doses of antigen led, first, to a ‘low-zone 
paralysis’, in which the animal became specifically non-responsive to the 
antigen, without ever developing antibody. This was followed by a ‘zone 
of Immunization’, in which the antigen provoked antibody production. 
Finally, higher doses of antigen led to the development of ‘high-zone 
paralysis’, when the animal was again specifically unresponsive. The 
concentration of antigen required to produce low-zone paralysis appears 
to be relatively constant for a wide range of antigens in a number of 
different animals. The dose of antigen required for immunization varies 
widely. Some (such as bovine serum albumin) are ‘weak’ antigens, 
requiring a high dose for immunization, while others, such as diphtheria 
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toxoid, are ‘strong’ antigens and immunize in small doses. The dose of 
antigen required to produce high-zone paralysis is variable. For trans- 
plantation antigens it appears that weak antigens will produce paralysis 
at lower doses than strong antigens, but for purified protein antigens the 
dose required for paralysis is relatively constant and independent of the 
strength of the antigen. Dresser and Mitchison [73] suggest that high-zone 
and low-zone paralysis are similar phenomena. 

Work which has already been mentioned (p. 140) shows that an 
antigen may immunize when it is administered in particulate form, and 
when in soluble form, paralyse. This may be because particulate antigens 
are processed by macrophages in an essential preliminary step to immuni- 
zation, while soluble antigens, by gaining direct access to the lymphocytes, 
block their response. 

Recovery from paralysis can be delayed by repeated injections of antigen. 
Pneumococcal polysaccharide, which is retained for an extremely long 
time in tissues, produces a correspondingly prolonged paralysis. In 
general, however, the duration of paralysis is not determined entirely by 
the catabolism of antigen, since, with many antigens, there is a gap of 
several months between disappearance of the antigen and the end of 
paralysis. The rate of recovery from paralysis is slower in adults than in 
young animals, and is further reduced by thymectomy and irradiation or 
antimitotic drugs [142]. The facts are best explained by assuming that 
immunological paralysis represents the destruction of immunologically 
competent cells by excessive amounts of antigen, and that recovery is due 
to the ‘recruitment of a new population of reactive cells’ [73]. 

The rate of recovery from paralysis and the rate of decay of antigen 
appear, then, to depend on different factors. We should expect that, in 
older animals and with short-lived antigens, antigen would disappear 
before appropriate immunocompetent cells reappear. The animal will 
therefore pass out of paralysis without producing antibody. This has been 
shown to be the case [73]. Alternatively, in young animals recovering 
rapidly from paralysis with long-lived antigens, we should expect that 
recovery of immunologically competent cells might take place before 
antigen was exhausted from the macrophages. In this case paralysis would 
be followed by spontaneous antibody production. This phenomenon has 
also been observed and is termed ‘overshoot’ [73]. 


CELLULAR BASIS OF PARALYSIS 


At what stage does the paralysed immune mechanism fail? Macro- 
phages from paralysed animals appear to ingest antigens normally [143], 
and antigen is trapped normally in the lymph-nodes and spleen [73]. The 
small lymphocytes from paralysed animals, however, appear to be 
defective. Lymph-node cells transferred from paralysed mice into syn- 
geneic or irradiated recipients remain unresponsive [144, 145] to trans- 
plantation antigens. In animals paralysed with protein antigens 1t was 
impossible to demonstrate antibody after transfer of lymphocytes to 
irradiated hosts [146]. Studies with immunofluorescence [147] failed to 
demonstrate any antibody-producing cells in mice paralysed with bovine 
serum albumin. Dresser and Mitchison [73] discuss the theory that antigen 
immunizes when it reaches lymphocytes by way of macrophages and 
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paralyses when it reaches them directly. This theory attractively fits most 
of the known facts about paralysis, though direct evidence for the para- 
lysing effect of antigen on lymphocytes has not yet been produced. 
Whatever the means by which it is produced, the end-result of paralysis 
appears to be the death or irreversible inactivation of the lympoid cell. 
Dresser and Mitchison [73] point out that the specificity of paralysis, 
which leaves an animal free to respond to all other antigens, may imply that 
a single lymphocyte is capable of reacting only against a single antigen and 
therefore supports a selective theory of immunity. % 

An apparent exception to the specificity of immunological paralysis is 
the phenomenon described by Liacopoulos and Neveu [148], who found 
that massive doses of bovine gamma-globulin and other protein antigens 
produced a transient depression of the immune response to unrelated 
antigens. It seems likely, however, that this is a special form of antigenic 
competition (see p. 156). 


C. Desensitization 


The essence of immunological paralysis is that it is a specific unrespon- 
siveness to an antigen which the animal has never previously encountered. 
It is possible to produce a similar state of immunological unresponsiveness 
in an animal which has already been immunized. This is known as 
‘desensitization’. It is, in general, much more difficult to desensitize an 
animal than to render it tolerant. There is, however, no reason to think 
that these are basically different phenomena. De Weck and Frey [149] have 
shown that guinea-pigs sensitized to dinitrochlorobenzene can be de- 
sensitized by the intravenous injection of large amounts of dinitrobenzene 
sulphonate. This effect was transient, lasting less than 5 days in most 
cases. However, with neoarsphenamine it was possible to sensitize 
guinea-pigs and then, by a combination of intravenous and intradermal 
injections, to produce a state of desensitization which lasted for more than 
6 months. 

Uhr [150] also showed that it was possible to desensitize guinea-pigs 
which had developed delayed hypersensitivity to ovalbumin or diphtheria 
toxoid by giving a large dose of the antigen intraperitoneally. This was, 
again, a short-lived desensitization: higher doses of antigen produced 
longer periods of unresponsiveness, but even with 60 mg. desensitization 
lasted only for a week. It is possible to produce prolonged desensitization 
of Mantoux-positive human subjects by repeated injections of tuberculin. 

The term ‘desensitization’ is also used to describe a different pheno- 
menon (see p. 246). Patients who. develop immediate hypersensitivity to 
natural allergens and to drugs such as streptomycin can be ‘desensitized’ 


by repeated small injections, which result in the production of blocking 
antibodies. 


D. Passively Administered Antibody 


Shortly after antigenic stimulation, antibody production reaches a peak 
and then falls off. After restimulation there is a further peak: subsequent 
improvement is in the quality rather than the quantity of antibody pro- 
duced. Cells explanted in vitro show no such limitation of quantity, and 
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antibody production continues to increase far beyond the in vivo limita- 
tions [119]. There must exist control systems in the living animal which 
limit antibody synthesis and check the excessive proliferation of cells in 
response to an antigen. There are, in fact, two kinds of control. The first 
is crude and non-specific: a biological coarse adjustment. This is the 
regulation of gamma-globulin catabolism by the level of circulating 
gamma-globulin. This seems to affect IgG only and not IgA or IgM. If 
IgG is transfused intravenously into a normal animal, the rate of IgG 
catabolism is accelerated. Conversely, if an animal is depleted of gamma- 
globulin by plasmapheresis, the rate of gamma-globulin catabolism is 
decreased. Fahey and Robinson [151] showed that the portion of IgG 
responsible for increasing the rate of catabolism was the Fc fragment. This 
system is immunologically non-specific, and alterations in immunoglobulin 
synthesis occur without respect to its antibody activity. 

The second control is a fine adjustment. The administration of specific 
antibody can, under certain circumstances, depress or inhibit antibody 
production in the recipient. This phenomenon is immunologically specific 
and has been recently reviewed by Uhr and Moller [97]. Uhr and 
Baumann [152] showed that the production of antibody to diphtheria 
toxoid could be suppressed by giving antibody up to 5 days after immuniza- 
tion. Fitch and Rowley [153] showed that passively administered antibody 
could inhibit antibody formation to sheep erythrocytes, and demonstrated 
that the primary response was affected to a greater extent than the secon- 
dary response. Subsequent work has shown that late, high-affinity antibody 
is more efficient at blocking the immune response than early antibody [154]. 
Delayed hypersensitivity is reduced little, or not at all, by passive anti- 
body [97, 152]. 

The depression of antibody production by administered antibody has 
been shown to correlate with a diminution in the number of antibody- 
producing cells in the spleen [155]. There is some uncertainty about the 
comparative effects of 7S and 19S antibodies: Henry and Jerne [156] found 
that the number of cells in mouse spleen forming anti-sheep erythrocyte 
antibodies was reduced by passive administration of 7S antibodies but 
enhanced by 19S antibodies. They suggest that previous workers, who 
had found suppression by 19S antibodies, were using impure preparations. 

The inhibition of 19S antibody-forming cells by 7S antibody may have 
an important role in limiting the 19S primary response [157]. Mishell 
and Dutton [158] showed that mouse spleen cells in vitro, when stimulated 
with sheep erythrocytes, produce more 19S antibody than in vivo. This 
excess antibody production could be blocked by adding immune serum to 
the culture medium. Some children with hypogamma-globulinaemia who 
are unable to produce IgG may produce IgM normally. They have been 
shown to develop IgM antibodies even in the secondary response, perhaps 
because of the absence of feedback inhibition from IgG [159, 160]. 

A recent dramatic application of the passive administration of high- 
affinity IgG antibody is the prophylactic injection of anti-D to prevent 
Rh-haemolytic disease of the newborn [161, 162]. Immunization of the 
mother by foetal erythrocytes leaking transplacentally at the time of 
delivery can be prevented by intravenous injection of suitable amounts 
of anti-D shortly after delivery. Controlled trials indicate that this 
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method is likely to be of great value in the prevention of Rh-haemolytic 
disease. 


E. Antigenic Competition 

Michaelis [163, 164] first described the depression of the immune 
response to one antigen which may occur as a result of the injection of 
a second antigen. Recent experimental work has been reviewed by 
Adler [165], who studied the primary antibody response to ferritin in mice 
injected simultaneously with varying doses of bovine gamma-globulin 
(BGG). He showed that large doses of BGG (1-2 wg.N) depressed and 
abbreviated antibody production to ferritin, although smaller doses 
(0-016 »g.N) actually increased the level of ferritin antibodies. Com- 
petition could still be demonstrated if the BGG was given 12 weeks before 
the ferritin and was most effective if the animal had previously been 
sensitized to BGG, so that the competing injection evoked a secondary 
response. 

The quantitative aspects of competition vary in different systems. 
Radovich and Talmage [166] studied antibody production to sheep red 
blood-cells (SRBC) in mice. As a competing antigen they used horse red 
blood-cells (HRBC) which show very little cross-reaction. They found 
that there was no diminution in the antibody production to SRBC when 
HRBC were given simultaneously. The greatest reduction of antibody 
production to SRBC occurred when HRBC were given 4 days previously 
(Fig. 37). They also studied the response to SRBC in irradiated mice 
which were reconstituted either with unimmunized spleen cells or with 
cells from animals immunized with HRBC, and showed that antibody 
production was lower when the cells were derived from animals pre- 
immunized with HRBC. Curiously, this effect of competition was more 
marked with a larger cell transfer (5010*) than with a smaller one 
(10 x 108). 

The mechanism of antigenic competition is still obscure. It could 
represent competition for precursors of antibody-producing cells or a 
limitation on the rate of expansion of the lymphoid system. If all precursor 
cells are unipotent and precommitted, then clearly there can be no com- 
petition for them, since each antigen will select a different cell population. 
On the other hand, the work of Miller and his co-workers (p. 148) suggests 
that two cell types interact in the production of antibody-forming cells. 
If one of these cells (the thymocyte or the bone-marrow precursor cell) is 
precommitted, and the other multipotent, then competition might 
represent the exhaustion of the multipotent system. 

There are two further hypotheses for the mechanism of competition. 
It might be that antigens compete for the antigen trapping system of 
macrophages and dendritic cells. If this were the case, however, it would 
be difficult to explain why an antigen given as a secondary stimulus 
should compete so much more effectively than a primary antigen. The 
results of Radovich and Talmage [166] on cell transfer would also be 
difficult to account for. A valuable test for this hypothesis would be to 
establish whether an antigen to which an animal has been made tolerant is 
still effective in antigenic competition, since there is some evidence [73] 
that antigen is trapped and handled normally in the tolerant animal. If 
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tolerance were to abolish competition, this would suggest a site other than 
the antigen-trapping mechanism for the interaction of competing antigens. 

Unfortunately, the evidence on this point is still conflicting. Weigle 
and High [167] found that antibody production in response to ovalbumin 
could be reduced in rabbits by simultaneous injection of bovine thyro- 
globulin, but that this antigenic competition was abolished in animals 


200 


NUMBER OF PLAQUES FOR 2nd ANTIGEN 
PER 10° SPLEEN CELLS 





DAYS BETWEEN FIRST AND 
SECOND ANTIGEN 


Fig. 37.—Antigenic competition. The antibody response to sheep erythrocytes 
(SRBC) in mice injected at various intervals previously with horse erythrocytes 
(HRBC). Antibody production is depressed most when the competing antigen 
(HRBC) is given before the standard antigen (SRBC). Reproduced from J. Radovich 
and D. W. Talmage (1967), ‘Science, N.Y.’, vol. 158, pp. 512-514, Fig. 1, by kind 
permission of the Authors and of the American Association for the Advancement of 
Science. Copyright 1967 of the American Association for the Advancement of 
Science. 


rendered tolerant to bovine thyroglobulin. However, Schechter [168], 
using synthetic polypeptide antigens in rabbits, found that tolerance did 
not abolish competition. Further work will obviously be needed to show 
whether this difference is due to the use of synthetic instead of natural 
antigens. 

A final possible explanation of the mechanism of competition is that 
the proliferating lymphocytes in the two simultaneous immune responses 
are in competition either for humoral factors necessary for their develop- 
ment or, simply, for space to develop within the reticulo-endothelial 
system. Radovich and Talmage favour the first of these hypotheses, but 
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the experimental evidence is at present quite inadequate for a firm 
decision. 


V. SUMMARY AND CONCLUSIONS 


As a result of recent work on antibody production a general theory of 
the relationship between lymphocytes, antigens, and antibodies has 
emerged which provides a clear and valuable frame of reference. It is 
discussed by Mitchison [35, 169], Smithies [106], and formalized, with 
modifications, by Bretscher and Cohn [170]. Basically, it is suggested 
that antigen-sensitive cells bear on their surface receptor molecules capable 
of recognizing, and reacting with, the antigen against which they are 
committed to produce antibody. Now we already have a molecule 
capable of recognizing antigen and combining with it: this is the antibody 
itself. We can therefore visualize lymphocytes carrying at their surface 
bound molecules of that antibody which their genetic material enables 
them to produce. Interaction with antigen will act as a trigger (perhaps by 
distorting the antibody molecule) and will stimulate the cell to mitosis, 
or the production of further antibody, or both. There is a striking simi- 
larity between this theory and Ehrlich’s original hypothesis of haptophores 
(see p. 146). There is direct evidence for the presence of antibody mole- 
cules at the surface of lymphocytes, which is summarized by Mitchison 
[35]. Antiserum directed against rabbit immunoglobulins (i.e., against 
antibodies) will produce blast-cell transformation in a number of rabbit 
lymphocytes. If the receptor on the cell surface is in fact antibody, and if 
combination with a whole antigen molecule is required in order to stimulate 
the cell, then it would be expected that an appropriate hapten would 
combine with and block the cell-bound antibody without stimulating 
further antibody production. Mitchison has shown [35] in elegant 
experiments that hapten can indeed block the secondary response, in 
accordance with the predictions of the receptor—antibody hypothesis. 

This hypothesis also explains two further observations which have 
already been discussed. (1) The suppressive effect of passively administered 
antibody on antibody production (p. 154). If cell stimulation depends on 
the interaction of antigen with cell-bound antibody, passively adminis- 
tered antibody, by competing with cells for the available antigen, would 
be expected to depress the production of new antibody. Moreover late, 
high-affinity antibody would be expected to be more effective in this 
competition than early antibody. This has been observed (p. 156). 
(2) This hypothesis also neatly explains the increasing affinity of antibody 
produced later in the immune response (p. 136). Cells producing antibody 
of high affinity will obviously be ‘more effective in competing for the 
available antigen than cells producing low-affinity antibody. In this way, 
during the immune response, a process of ‘natural selection’ will take 
place, in favour of those cells producing the most efficient antibody. 
Some quantitative aspects of this are considered by Smithies [106]. 

_ In summary, it now seems likely that antigen, on its first introduction 
into the lymphoid system, encounters lymphocytes which recognize it by 
virtue of specific antibody molecules which they carry on their surface. 
It seems most likely that these arise spontaneously and are selected by 
antigen. As immunization proceeds, those cells producing the most 
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efficient antibody will proliferate. A second injection of antigen will 
provoke a secondary response, in which high-affinity antibody is produced 
rapidly and in large amounts. 
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CHAPTER 5 


THE COMPLEMENT SYSTEM 


By E. R. GOLD AND D. B. PEACOCK 


I, Introduction 
Immune haemolysis 


II. Components of complement 
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III. Mechanism of immune lysis 


IV. Other biological functions of complement components 
A. Phagocytosis 
B. Hypersensitivity 
C. Properdin 


V. Conglutinin 


VI. Deficiencies of complement 


I. INTRODUCTION 


COMPLEMENT is a substance, or strictly speaking a group of substances, 
present in the serum of man and animals, which combines with or is 
‘fixed’ by many antigen-antibody complexes. We have noted elsewhere 
(Chapter 3) that all classes of immunoglobulins are not equally proficient 
in ‘fixing’ complement after their union with antigen; that often IgM is 
more effective in this respect than IgG (see also p. 174), and that IgA does 
not fix complement at all [1]. Complement was first recognized as a 
separate entity in blood by its capacity to lyse bacteria that had been 
‘sensitized’ by homologous antibody. It is distinguished from specific 
antibody by its consistent presence in normal serum, by the level of its 
activity being unaffected by immunization, and by its inactivation on being 
heated to 55°C. for 30 minutes. Normal guinea-pig serum usually 
possesses a high level of lytic activity and is commonly used as a source of 
complement. The level in different species differs widely. 
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In 1901 Bordet and Gengou [2] introduced the principle of the com- 
plement fixation test and initiated thereby the first wave of interest in 
complement as a substance of fundamental importance in the immune 
mechanisms of the body. The second wave of interest followed Osborne’s 
admirable review in 1937 [3], and the third wave is now in progress and 
stemmed from the development of suitable methods, chiefly ion-exchange 
chromatography, that permitted the isolation of undegraded protein with 
defined characteristics from mixtures of protein such as occur in serum. 
With this renewed interest has come the recognition that complement is 
probably involved in a number of immunological reactions not directly 
related to cytolysis. 


Immune Haemolysis 


Though the outcome of interaction between complement and bacterial 
cells and antibody may be death or lysis of the cells, perhaps the most 
striking and easily recognizable phenomenon associated with the fixation 
of complement is immune haemolysis. The release of haemoglobin from 
red blood-cells can be followed macroscopically and spectrophoto- 
metrically, and most of our knowledge of the way in which complement 
and antibody effect the lysis of cells has come from the study of this system. 


Table XIX.—OPTIMAL PROPORTIONS TITRATION OF 
HAEMOLYSIN AND COMPLEMENT 





TITRE OF 
SERUM USED 
TO SENSITIZE_ | 
CELLS 255030) 15s alr 4 a e59 eo. 92114 1435 79 


TITRE OF COMPLEMENT 


25 0 0 0 OFiptr 1 3 3 4 4 
50 0 0 0 Os ON itr Z 3 4 4 
100 0 0 0 O48 O20 1 7 3 3 
200 0 0 0 0 0 0 1 v4 3 3 
400 0 0 0 O lets 1 72 3 3 4 
800 Ooletra let oe 1 24 3 3 4 4 
1600 1 1 1 2 3 3 4 4 4 4 


0=100 per cent lysis. 2=50 per cent lysis. 4=No lysis. _ 
At the 50 per cent end-point a 1 : 200 dilution of haemolysin represents the most 
sensitive system for the detection of free complement. 


Examination of this system reveals that the amounts of antibody and 
complement required to produce lysis are to some extent inversely propor- 
tional to each other. However, a line drawn through points of equal 
haemolysis in Table XIX is typical of the results obtained in practice when 
different amounts of complement are used with red cells sensitized with 
varying concentrations of antibody (haemolysin). It will be seen that the 
situation is more complex than a straightforward inverse proportionality. 
Nevertheless, a point can be found where the least amount of complement 
suffices to cause a stated degree of lysis. Following this column down we 
can find the least amount of haemolysin which also suffices and this 
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point represents the most sensitive combination of red cells and haemolysin 
for the detection of free complement. It is interesting that the older 
immunologists arrived at a very similar relationship between complement 
and haemolysin empirically by determining the least amount of haemolysin 
required to sensitize cells in the presence of an excess of complement 
(referred to as one minimum haemolytic dose) and then using five times 
this quantity (5 MHD) for maximum sensitization. The least amount of 
complement required to produce lysis of cells so sensitized is also referred 
to as one minimum haemolytic dose, or less confusingly perhaps as one 
haemolytic unit (1 HU). 

For an analysis of the interaction between complement and antigen— 
antibody complexes and in the quantitative performance of the comple- 
ment-fixation test, in which the haemolytic system is simply used as an 
indicator of free complement, it is necessary both to standardize the 
reagents in the above manner and to assess the degree of haemolysis, that 


50 


Per cent haemolysis 


0-005 0-067 0-01 
Complement (ml.) 


Fig. 38.—Lysis of sensitized-red blood-cells by complement. 


is obtained, accurately and reproducibly. If the degree of haemolysis 
induced is plotted against the amount of complement used a sigmoid 
curve is obtained (Fig. 38), indicating that we are dealing with a population 
of cells that are not all equally susceptible to the lytic action of complement 
It means too that relatively large doses of complement are needed to effect 
the lysis of the last 5 per cent or so of cells and that 100 per cent lysis is not 
therefore the most sensitive or accurate method of determining the 
activity of complement. For this reason, as with most biological data, a 
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50 per cent end-point is taken where the dose-response relationship is 
undergoing the most rapid change. Since it is not possible under experi- 
mental conditions to choose exactly the dose of complement that would 
give a 50 per cent lysis, a method had to be devised with which a 50 per 
cent end-point can be calculated from any point or points on the curve of 
haemolysis. 

The curve in Fig. 38 is described fairly accurately by von Krogh’s 


equation, 
nea K ( y iyi 
Lay 
where x is the dose of complement, y, degree of haemolysis, and K and n 


are constants. K is equal to one 50 per cent haemolytic unit of complement 
since when y = 0:5 the function 


y ie 
Fess, Puls 


Expressed logarithmically von Krogh’s equation becomes 
= oy 
log x = log K+1/n.log (; ~), 
and if log x is plotted against 


y 
8 ( =} 
a straight line is obtained with a slope of 1/n. Under defined experimental 
conditions 1/n has a value of 0-2 [4]. If complement is to be estimated 
under these conditions the expression 
x 
ry ida 

can be used to calculate 1 HU;, from any dose of complement that results 
in a degree of partial lysis. For reasonable accuracy values in the region 
of 20-80 per cent lysis should be taken. 


II. COMPONENTS OF COMPLEMENT 


The possibility that complement is not a single substance has already 
been hinted at on a number of occasions. The separation of complement 
activity into separate components is perhaps best approached in a semi- 
historical way so that the reader can appreciate how the concept arose and 
was developed. 

Fresh serum can be separated readily into two fractions by dilution 
with distilled water at pH 5-2-5-4. The euglobulins are precipitated and 
can be redissolved in physiological saline. The pseudoglobulins remain in 
solution. Neither of these fractions is capable of lysing sensitized red blood- 
cells on its own, but mixed together the haemolytic property of the 
original whole serum is restored. In addition, both fractions are heat- 
labile (at 56° C. for 30 minutes). 

Subsequently it was shown that complement activity could also be 
abolished by treating whole serum with yeast or with zymosan, a water- 
insoluble polysaccharide extract from yeast cell walls. Lytic activity can 
be restored to such a preparation by the addition of the euglobulin fraction 
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or of heated serum. Since the first two fractions described were both 
heat-labile it follows that zymosan abolished the activity of a third 
component. : 

A fourth component, also heat-stable, can be demonstrated by treating 
whole serum with ammonia, hydrazine, or primary amines. After neutrali- 
zation with acid this preparation can have its activity restored by the 
addition of heated serum, zymosan-treated serum, or the pseudoglobulin 
fraction. The four components so far characterized (C 1, C 2,.C 3, ang 
C 4) have been studied intensively in order to gain an insight into the mode 
of action of complement. For the quantitative estimation of each of these 
components reagents were prepared from the five preparations already 
described. Single preparations or combinations of them constituted the 
so-called R reagents [4] Rl, R2, R3, and R4. Each of these reagents was 
designed to contain an excess of those components other than the one it 
was being used to detect. Thus R1 was used to detect C 1 since it contained 
an excess of C 2, C 3, and C 4, and in theory the amount of C 1 in a test 
solution could be found by diluting it out in the presence of constant 
amounts of RI and sensitized cells. 

Unfortunately, the R reagents have had to be used under widely varying 
conditions and in concentrations that approach dangerously close to 
anticomplementary or haemolytic levels, or both. It is not surprising then 
to learn that the results obtained in the same or different laboratories 
have shown a distressing lack of reproducibility. Osler [5] has pointed out 
some of the errors to which much of this earlier work led, partly due to the 
assumption that the component present in the lowest concentration 
necessarily determined the haemolytic activity of a preparation. Never- 
theless, some of the conclusions based on the use of R reagents are still 
perfectly valid. Among these are the order in which the components of 
complement react with sensitized cells, ie., C1, C 4, C2, C3, and the 
importance of magnesium and calcium ions in particular stages of the 
reaction. 

With the introduction of milder methods of protein separation it has 
become apparent that the situation with regard to C 3 isa good deal more 
complex than we had realized. It now seems that with the identification of 
SIX new components within the old ‘C 3 complex’ we have reached the 
position where the use of purified reagents will make it possible to avoid 
the inconsistencies which for so long bedevilled investigations into the 
mode of action of complement. It should also be possible to unravel the 
parts played by individual components in a number of reactions in which 
complement, in whole or in part, is involved. For the moment we will 
consider the components of complement separately in the order in which 
they are taken up in the process of immune haemolysis. 


A. Cl 


For the chromatographic separation of C1 most workers used the 
euglobulin fraction of normal serum, to which was added the chelating 
agent, ethylenediamine-tetra-acetate (EDTA). In these circumstances 
three fractions, C Iq, C Ir, and C Is, have been obtained which together 
display C 1 activity. It is suggested that the three subcomponents ordi- 
narily form a macromolecular complex in serum and are held together by a 
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calcium ion ligand [6]. The first step in complement fixation (or haemo- 
lysis) results in the adsorption of C 1 to the anti gen—antibody complex with 
the generation of esterase activity. The activated component is referred to 
as C la. However, its substrate is not the red cell but the next two com- 
ponents in the reaction sequence, namely C 4 and C2. The C1 macro- 
molecule sediments in the ultracentrifuge with the 19S globulins, but it is 
not an immunoglobulin. Its dissociation into three subcomponents by 
chelating agents was a purely fortuitous discovery that tended to confuse 
rather than clarify the picture at first, but that may nevertheless ultimately 
help in elucidating the nature and function of C 1. 

The first step in the combination of complement with sensitized 
erythrocytes (EA) is set out in reaction I:— 


CHE oy a Be Vee () 


The reaction proceeds at 4° C., though much more rapidly at 30° C., and 
the resultant complex is stable for several weeks in a glucose—gelatin-— 
veronal buffer [7]. This step also requires the presence of calcium ions in 
the reaction mixture. C 1 esterase (C la) can be eluted from the EAC la 
complex by EDTA and is associated with the C 1s subcomponent, but its 
enzymic activity is not simply due to dissociation of C 1 since C 1s can be 
similarly obtained from free C 1 in the form of a pro-esterase [6]. 


B. C4 


Under the action of C 1 esterase C 4 is bound to the EA complex. The 
presence of C 1a is necessary for the formation rather than maintenance of 
the union since the complex EAC 4 can exist separately. The second step 
in the fixation of complement is set out in reaction II:-— 


a HAC ae BAC 1a A. (I) 


This reaction will also proceed at 4°C., and the resulting complex is 
stable. Human C 4 has been characterized as a f;,-globulin and again is 
not an immunoglobulin [8]. C1 esterase will dissociate from the inter- 
mediate EAC la under a variety of conditions and is then capable of 
inactivating C 4 in solution. According to Lepow [6], the dissociation of 
C la is inhibited at reduced ionic strengths and this partly accounts 
for the increased haemolytic activity of complement under these circum- 
stances. 


C2 


In the next step, set out in reaction III, C 2 is added to the complex that 
has already been formed. Magnesium ions are required in order that the 
reaction may proceed. At 30—-37° C. C 2 is activated by C1 esterase and 
probably forms a union with a receptor site on C4. This process is 
accompanied by the release of an inactive fragment, C 2i, which can be 
recognized in the fluid phase of the reaction mixture. 


C24BRAC ta, 4 MEO, BAC 1a, 4, 204-21. (1) 


Though the EAC la, 4, 2a complex is fairly stable at 0° C. the decay 
rate of C 2a is considerably faster at activation temperatures and yields 
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the complex EAC la, 4; to which C 2a can again be added by supplying 
more C 2 to the reaction mixture. C 2a is not fully stabilized until the 
next four components have been incorporated into the complex [7, 9]. 
At this stage, therefore, the situation is rather complex and the forward 
reaction depends on the temperature of the reaction mixture, on the 
number of sites (S) on an erythrocyte that are in the state EAC la, 4, on 
the concentration of C 2, and of the four components that follow it in 
sequence. Also, at this stage C la has finally fulfilled its function and the 
reaction can now proceed without its further intervention, even from the 


state EAC 4, 2a. 


D463; C526 6..6 7.0 54G.5 

Theoretical considerations of the velocity of the reaction succeeding the 
formation of the complex EAC la, 4, 2a led to the suggestion that more 
than one extra component was involved [10]. Subsequently, three, four, 
five, and finally six distinct fractions replaced the old concept of a single 
component. Each of these fractions now enjoys the status of a separate 
complement component. Several groups of workers have been responsible 
for the difficult task of elucidating these problems; some of them have 
worked principally with human and others with guinea-pig complement. 
They have all employed different nomenclatures from time to time, and 
reagents have not always been compared in the different laboratories. 
General agreement appears to have been reached at a meeting in La Jolla, 
California [11], once it seemed fairly certain that the complement system in 
the two species was functionally the same and all the components taking 
part in immune haemolysis had been identified. The components are 
therefore now numbered from C 3 in the order in which they react; with 
the exception of C 4 which already had a place earlier in the sequence. 
Confusion can still arise because in the older literature C 3 was used to 
describe all the components reacting after C2. The components have 
been reviewed and their nomenclatures compared on a number of occa- 
sions in recent years [6-8, 11, 12]. 

Human C3 is a f,-globulin. It decays on heating or ageing to a 
,,-globulin which is haemolytically inactive. C3 is also inactivated by 
dilute hydrazine or ammonia [8], which illustrates the difficulties the 
earlier immunologists were confronted with, since these are the reagents 
which were supposed to destroy only C 4. Though the decay of B,, to 
By, can be observed in vitro, the process of immune haemolysis is appar- 
ently accompanied by a different conversion: from Big to a Big- 
globulin [8]. Evidence has been adduced Suggesting that C 2a acts 
enzymatically to induce this change fsee 8]. C 3 itself may have peptidase 
activity, normally masked by a serum inhibitor [13]. 

Human C5 is a £,y-globulin [8], and this component is heat-labile 
whether derived from human or guinea-pig serum [7]. This reaction step 
proceeds rapidly at 30-37° C., but very slowly at 4° C. [14], and according 
to Nelson [7] could be responsible for the known temperature dependence 
of the lytic stages that follow the formation of EAC 1a, 4:24: 

C 6 and C7 have been characterized more recently and correspond to 
Nelson’s C 3e and C 3f of guinea-pig complement [7, 15]. It is only after 
the formation of EAC 1a, 4, 2a,/3;5; 6; 7 *thatse really stable complex is 
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formed that retains its reactivity with C 8 and C9 after a period of several 
weeks if stored at 0° C. 

The reaction of C 8 and C 9 with the previously formed complex is said 
not to deplete serum of these components [14, 16] and Nelson therefore 
proposed that they could be regarded as enzymes. The reaction of C8 
renders the red cell unduly fragile suggesting a partial disintegration of the 
cell surface; a process that is then completed by C9 with the eventual 
— of a damaged erythrocyte (E*) which spontaneously undergoes 
ysis. 

The final stages of immune haemolysis are set out in reaction [V:-— 

BAC ig 4 a2 5 6 7 (IV) 

It would appear that these nine components represent the complete 
complement complex with which are associated certain cofactors such as 
divalent cations, and inhibitors such as C 1 esterase inhibitor. That we 
have reached the final tally of complement components is suggested by the 
fact that purified reagents react in a manner consistent with their concentra- 
tion and that those components that are depleted during the course of the 
reaction are depleted quantitatively [7]. Since the different components 
are present in serum and serum preparations in different concentrations a 
fixation reaction may use up the same number of units of each component 
but leave behind a different percentage of each. This has led to interpre- 
tative difficulties in the past, particularly with respect to the R reagents 
and to the properdin system. It should be recognized, too, that though we 
speak of ‘purified reagents’ we are normally only concerned with func- 
tional purity and not necessarily with chemical purity. In the absence of 
the latter it is necessary to be particularly careful about accepting evidence 
of the former. 


Il]. MECHANISM OF IMMUNE LysIS 


While we have so far considered complement almost solely in terms of 
the lysis of sensitized red blood-cells, there remains a good deal to be said 
about the mechanism by which the components of complement effect 
lysis of these and other cells. We will therefore consider this aspect in 
more detail before moving on to consider some of the other functions of 
complement. 

It should be recognized at the outset that reactions between antigens 
and antibodies involve ordinary physicochemical forces and have their 
characteristic rates of association and dissociation (see Chapter 6, 
“ANTIGEN-ANTIBODY REACTIONS’). The dynamic equilibrium between 
free antigen and free antibody and antigen-antibody complexes and the 
rate at which it is achieved might both be thought of as expressions of the 
‘avidity’ of antibody for antigen, which might in turn affect the readiness 
with which complement is fixed. Nelson [7] has shown that rabbits inocu- 
lated with varying amounts of sheep red cells and administered over differ- 
ent inoculation schedules produced antibodies that were characteristically 
different in haemolytic efficiency. Such differences could partly be an 
expression of the firmness of union between antibody and antigenic site. 
Oddly enough Nelson equates highly avid antibody with low haemolytic 
efficiency, but explanations of such an apparent paradox have been sought 
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and found. Talmage and his colleagues [17, 18] were the first to bring 
evidence to bear that low and high molecular weight antibodies behaved 
differently when lysing red blood-cells in conjunction with complement. 
They reported that the rate of haemolysis varied with the square of the 19S 
(IgM) antibody concentration, and with the fourth power of the 7S (IgG) 
antibody concentration. The inference to be drawn from these findings 
was that bi- and tetramolecular antibody complexes were required respec- 
tively in order to ‘fix’ complement and initiate lysis. Subsequently 
Humphrey and Dourmashkin [19] and still later Borsos and Rapp [1] held 
that one molecule of IgM and two or more molecules of IgG were necessary 
for haemolysis, or at least for the binding of C la to the cell surface. It is 
probably generally accepted now that two IgG molecules in close proximity 
to each other or attached to contiguous antigenic sites are necessary to 
initiate lysis. If we now return to the question of avid antibody and 
haemolytic efficiency we can see that antibody which does not bind too 
firmly but can flit from site to site may well be in a better position to form 
bimolecular complexes with other antibody molecules than firmly bound, 
highly avid antibody. Nelson goes on to point out that the situation is a 
good deal more critical than even this might suggest and that there is 
probably an optimal avidity of antibody that gives maximum haemo- 
lysis [7]. Experimentally the situation is also confused when whole 
serum is used because of the interplay between IgG and IgM molecules. 

It is interesting to note in connexion with the requirement of two or 
more IgG molecules for fixation of complement that aggregated gamma- 
globulin is now known to adsorb complement without the intervention of 
antigen [20], and that at least one modern theory of immunological 
precipitation employs the notion that there is some kind of interaction 
between antibody molecules. 

It is not clear at the moment, in the context of immune haemolysis in 
particular and of complement fixation in general, whether single IgM 
molecules are the functional equivalent of pairs of IgG molecules. If 
it were so, we are still faced with deciding how the two molecules of 
IgG are attached to antigenic sites on the cell surface: for example, each 
to two sites or each to one site. The adsorption of C1 must be deter- 
mined in some way by the form of attachment, and the charge configura- 
tion of the paired molecules must be mimicked by a single attached IgM 
molecule. 

_ The impulse to generalize is always very strong, but are we at all justified 
in assuming that single bound molecules of IgM antibody and two or more 
of IgG are required for complement fixation? In the frequently used 
system, sheep erythrocyte, rabbit antibody, and guinea-pig complement, 
this could well be generally true. However, in contrast to this system, we 
have evidence that rabbit and mouse complements are more efficiently 
bound by IgG molecules than IgM [21, 22]. Until we know a great deal 
more about the fixation of complement to antigen—antibody complexes 
we would do well to reserve judgement on this score. It would be equally 
dangerous to infer, on the basis of in vitro experiments, that identical 
mechanism were at work in vivo, for it is rare under in vitro conditions for 
antibody and complement to be derived from the same species, let alone 
the same animal. In addition, where we speak of ‘antibody’ we often 
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mean heat-inactivated serum, and similarly in the case of ‘complement’ 
we often mean uninactivated whole guinea-pig serum. Neither, of course, 
is functionally pure, and in the complement-fixation test proper we have at 
least one other such reagent. The functional activity of components of 
complement derived from different species could obviously be pertinent in 
this context. As one example of heterogeneity in this respect we can take 
the case of the fourth component. In the presence of guinea-pig C 4 one 
hundred times more human C 2 is needed to effect haemolysis than when 
the cells are coated with human C 4. Even guinea-pig C 2 is more active 
in the presence of human C 4 [23]. 

Because lysis of the red blood-cell is such an easily observable pheno- 
menon it was both observed early and constantly used thereafter as a 
model for the examination of the lytic process. The fact remains that the 
non-nucleated red blood-cell is an unusual kind of mammalian cell, that 
in vivo immune haemolysis is a relatively rare occurrence, and that it is not 
the normal mechanism by which effete red cells are eliminated. It might be 
supposed on the contrary that the immune lysis of bacteria was an effective 
and common way for a host to rid itself of invading micro-organisms. 
Originally observed by Pfeiffer and Issaeff in 1894 [24] with cholera 
vibrios in the peritoneal cavity of immunized guinea-pigs, it is rather 
surprising to find that only a few genera among Gram-negative bacteria 
are susceptible to the lytic action of immune serum and complement. 
Among these genera are Vibrio, Escherichia, Salmonella, Proteus, Haemo- 
philus, and Brucella. But by no means all species within a genus, nor all 
strains within a species, are equally susceptible. In particular, smooth 
strains of some species are notably more resistant than their rough 
counterparts. 

, The mechanism by which animal cells and bacteria are lysed by com- 

plement has not been worked out so far, and the two types of cell are very 
different in any case. In particular, bacterial cells have an outer cell wall 
that is not represented in animal cells; it gives rigidity to bacterial cells 
and determines their morphology. The composition of Gram-negative and 
Gram-positive cell walls differs considerably; that of the former contains 
much more lipid though the wall itself is only half the thickness of the 
latter. The high lipid content of the cell walls of Gram-negative bacteria 
finds a parallel in the cell membrane of animal cells. It is nevertheless not 
completely clear whether complement attacks the cell-wall structure of 
bacteria or the plasma membrane direct through the interstices of the cell 
wall. Muschel [25] points out that the action of antibody may be simply 
to concentrate complement at a particular site at the cell surface, and of 
complement fixation to activate enzymes of the complement complex 
or those of cellular origin, or both. 

Muschel [25] also describes the effect of complement on spheroplasts of 
Gram-positive and Gram-negative bacteria. In a spheroplast the cell wall 
has been so degraded that it no longer supports the plasma membrane with 
its hypertonic contents so that the organism swells and loses its charac- 
teristic shape. Spheroplasts were prepared from the Gram-positive 
Bacillus subtilis. They could be lysed by both fresh and heated serum, and 
it was concluded that complement was not necessary in order to effect 
their lysis. Spheroplasts derived from Gram-negative organisms, on 
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the contrary, were lysed only by fresh serum; this was so even when the 
spheroplasts were derived from strains resistant to immune lysis in the 
intact state. It was concluded, therefore, that there was a fundamental 
difference between the cell membranes of Gram-positive and Gram-negative 
organisms; that the cell walls and capsules of Gram-negative bacteria are 
responsible for the resistance that some of them show towards the action 
of complement; and that the greater thickness of the cell wall of Gram- 
positive bacteria is not the cause of their resistance to lysis, and that the 
high lipid content of the cell wall in Gram-negative bacteria is not a 
factor in susceptibility to lysis. 

If the plasma membrane is the site of attack in immune lysis of bacteria, 
a parallel can be drawn between this reaction and passive haemolysis. In 
the latter case red cells are first coated with an unrelated antigen; antibody 
to this coating antigen is then allowed to react and is followed by the 
addition of complement. So-called ‘passive’ haemolysis results, but 
complement is less effective in this type of reaction than if it is allowed to 
adsorb to antibody attached directly to a red-cell antigen—presumably 
because it, or its active principles, have to act through a greater distance in 
order to affect the cell membrane. 

It has long been held that in ordinary immune haemolysis complement 
binds primarily to the antibody and not directly to the red-cell surface. 
The mere fact that some classes of antibody fix complement whereas 
others do not cannot be taken as confirmation of this view. Until quite 
recently, however, there was no concrete evidence that complement acted 
enzymatically on the red cell, a circumstance that itself implies direct 
contact, even if only fleeting. Observations have now been made which 
strongly support the view that certain components of complement are 
bound directly to the red-cell surface as well as reacting with bound 
antibody [26, 27]. 

In the case of nucleated mammalian cells, and probably of red blood-cells 
as well, immune lysis is heralded by a loss of intracellular potassium and 
other micromolecular constituents, leading to osmotic changes that 
cause the swelling of cells. Deficiencies in the cell membrane sufficient to 
permit the escape of such ingredients are not large enough to allow 
haemoglobin to escape. Humphrey and Dourmashkin [19] describe 
lesions in lysed red cells and ascites tumour cells that they interpret as 
‘holes’ 80 A in diameter in the cell membrane; haemoglobin should 
have no difficulty in diffusing through holes of this size. 

The final steps in the chain of events that results in the lysis of cells by 
complement remain unresolved. It is not even clear as yet whether C 8 
and C 9 act directly on the cell membrane to produce lesions or whether 
this effect is produced by an intermediary substance. In this connexion it 
is reported that the cytolytic agent, lysolecithin, is formed as an end 
product of complement fixation [28, 29], but the quantitative aspects of 
this work have since been seriously questioned [8]. Even if its role were 
to be accepted, lysolecithin could still be derived from two sources: from 
a lipid component of complement itself, or from the cell membrane. 
Indeed, the lipid-rich cell wall of Gram-negative bacteria could be en- 
visaged as a third possibility. However, if Muschel’s work [25] is accepted 
then it is cell membranes rather than cell walls that determine sensitivity. 
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With the increasing availability of purified complement components 
the vagaries and uncertainties that beset the complement-fixation test and 
a number of other reactions in which complement plays a role should 
soon be a thing of the past. It is to a consideration of the part played by 
individual components of complement that we now turn. 


IV. OTHER BIOLOGICAL FUNCTIONS OF COMPLEMENT COMPONENTS 
A. Phagocytosis 


Although the components of complement have been worked out using 
the system of immune haemolysis, it must be recognized that not all the 
components are necessarily involved in all the systems in which complement 
is implicated. 

A case in point is immune phagocytosis where the availability of purified 
components has greatly clarified the role played by complement. It has 
been recognized for many years that complement may markedly enhance 
phagocytosis, that it is in this sense a heat-labile opsonin, but the exact 
manner in which it effects enhancement has not been known. 

In a series of neat experiments Nelson [7] examined the phagocytosis of 
Sheep red cells by guinea-pig leucocytes, also the same red cells but 
sensitized with antibody, and the intermediate erythrocyte—antibody— 
complement complexes ranging from EAC 1 through to EAC 1,4, 2, 3, 5,6. 
The complement components were derived from guinea-pig serum and a 
marked jump in phagocytic activity was noted first when the red cells were 
sensitized with antibody, and secondly when the intermediate EAC 143223 
was tested. The addition of components C 5 and C 6 did not increase the 
degree of phagocytosis. Subsequently Ward [30] has claimed that an 
enzyme-split fragment of C 3 with a molecular weight of 6000 and derived 
from human and rabbit C 3 is a chemotactic factor. Nelson’s work was 
done with washed intermediate complexes and only taken as far as the 
sixth component. Ward and his colleagues have studied the formation of 
chemotactic substances following the addition of antigen-antibody 
complexes to fresh human and guinea-pig serum [31]. In a note added in 
proof they state that this factor in human serum is the trimolecular 
complex, C 5, C 6, C7. They also feel that the role of complement, and 
particularly of this trimolecular complex, in chemotaxis far outweighs the 
effect of a number of pharmacologically active agents such as bradykinin 
and kallidin (see Chapter 7) that alter vascular permeability. 


B. Hypersensitivity 


In hypersensitivity states tissue damage always ensues. We shall deal 
here only with immediate hypersensitivity and only with that part of it 
that might be associated with complement. Immediate hypersensitivity as 
a whole is dealt with separately in Chapter 7. A 

The cytotoxic action of complement in conjunction with antibody to 
cellular antigens is well documented, but this is not enough to explain the 
sequence of events that we describe as ‘immediate hypersensitivity’. Nor, 
of course, is complement, free or fixed, responsible for all the manifesta- 
tions of immediate hypersensitivity, and we know a number of sub- 
stances that are pharmacologically active in this respect. Nevertheless, 
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anaphylatoxin is by definition a property acquired by fresh guinea-pig and 
other sera on exposure to antigen-antibody aggregates; it induces ana- 
phylactic shock in guinea-pigs. At one time this property was equated with 
the old C3 complex, and until functionally pure components became 
available no advance on this position was possible. Even now some 
confusion still reigns, and while da Silva and Lepow [32] have produced 
most convincing evidence that anaphylatoxin is associated with the 
interaction of C1 esterase with C4, C2, and C3 in a system utilizing 
human components, they felt unable to refute entirely Jensen’s claim [33] 
that in a guinea-pig system C 5S is also implicated. woe 

One of the possibilities that might account for such discrepancies is that 
all the components of complement from man and guinea-pig have yet to 
be compared. In spite of this, a single numerical system has been adopted 
in this chapter for both sets of components in the interests of clarity, but 
it must be admitted that the functional and sequential identity of all the 
components has not been established at the moment. Furthermore, the 
two groups of workers have tackled the identification of anaphylatoxin in 
rather different ways. Da Silva and Lepow have used the novel approach 
of forming a complement complex directly on purified C 1 esterase, i.e., on 
the enzymatically active fragment of C 1. C 4, C 2, and C3 are also puri- 
fied reagents so that their system is functionally pure as far as can be 
determined and is also free of any antigen-antibody substrate. The 
reservations that remain to be made are again that functional purity is not 
necessarily chemical purity, and, as has been pointed out by numerous 
authors, function and sequence in one reaction, e.g., haemolysis, do not 
necessarily apply to every other reaction. In the same paper da Silva and 
Lepow also indicate that anaphylatoxin is a low molecular weight split 
product of C 3 that has been compared with and distinguished from the 
chemotactic factor derived from C3 mentioned above [30]. It would 
therefore appear, over half a century after the idea was first promulgated, 
that we are approaching the point at which we can say with certainty that 
anaphylatoxin is a product of the complement system. 


C. Properdin 


The interest of properdin for the complement system is that, as origin- 
ally conceived, properdin was a kind of universal antibody that reacted 
with zymosan, among other things, in the presence of magnesium ions to 
adsorb specifically the C 3 complex. This extreme view was partly due to 
the inherent difficulties associated with interpreting results obtained with 
the old *R’-reagents, used for assessing levels of C 1, C2, C4, and the 
remaining Components then lumped* together under the heading of C 3. 
Later it was assumed that properdin represented a mixture of IgM anti- 
bodies, directed mostly against Gram-negative bacteria of the intestinal 
tract, and present in low titre in normal sera. More recently Lepow and 
his associates [34] have claimed to have purified properdin, and to have 
shown that it was not an immunoglobulin at all. 


V. CONGLUTININ 


All that it is necessary to say here is that conglutinin and immunocon- 
glutinin both behave like antibodies with specificities principally directed 
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towards the C3 component, and perhaps to a lesser extent against 
C4 [35]. The role of other components is still under investigation in this 
respect. It has been suggested that the determinant combining with 
conglutinin contains a mannotriose and the amino-sugar N-acetyl-p- 
glucosamine [36]. 


VI. DEFICIENCIES OF COMPLEMENT 


Deficiencies of complement, usually described in terms of absence of 
haemolytic complement, have now been described on numerous occasions 
in a variety of species of animal and in man. The earliest observations were 
of lack of haemolytic complement, first in individual guinea-pigs and then 
in inbred strains. Early attempts to maintain complement-deficient strains 
ended in failure when infection wiped out the animal colonies. Subsequent 
observation of a human individual with a known defect of lytic comple- 
ment did not bear out the suggestion that such individuals would neces- 
sarily be unduly susceptible to bacterial infections. The actual deficiency 
in this case was in the second component, but Gewiirz et al. showed that 
the bactericidal activity of the patient’s blood compared favourably with 
the sera of normal individuals when tested against a number of Gram- 
negative bacterial genera [37]. The authors felt that under the suboptimal 
conditions operating in vivo there was enough C 2 in this man’s serum to 
protect him against recurrent bacterial infections. They go on to say that 
*...the addition of antibody and complement components served to 
exaggerate the extent of the deficiency of the subject’. This does not 
exclude the possibility that complement plays an important role in 
resisting infections, but it also indicates that too wide an interpretation 
should not be put on in vitro tests designed to detect optimal efficiency of 
reagents. 

The interest in complement deficiency states stems directly from a 
desire to understand fully the biological role of complement and its 
components. In a number of cases this is beginning to be worked out. It is 
perfectly clear for instance that some functions of complement do not 
require all its components; capillary permeability and phagocytic factors 
have already been mentioned. In immune adherence preformed com- 
plexes of antigens and antibody, together with the decayed complement 
complex Cla, 4, cause certain cells, chiefly of primate origin and in- 
cluding thrombocytes, to adhere to each other [see 7]. It is thought that 
this phenomenon may account for the thrombi and some of the other 
manifestations of the Schwartzman and Arthus reactions. Inbred strains 
of mice [38] and rabbits [39], with defined deficiencies in the fifth and sixth 
components, are currently under study. In the case of C 6-deficient rabbits 
it is suggested that allograft rejection may sometimes proceed as quickly as 
in normal animals, but their prolonged survival with some donor-host 
combinations suggested that an alternative mechanism of graft rejection 
involving complement is sometimes important. 1 in 

It is of some interest that deficient animals will produce antibodies to the 
isologous components that are missing. Such antibodies constitute not 
only valuable reagents for further studies but also immunological proof of 
the absence of a component in the recipient. 
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Though not strictly germane to complement deficiencies, it Is worth 

noting here that the hereditary condition of angioneurotic oedema has 
been associated with an absence of C l-esterase inhibitor [40]. The 
C 1 esterase is also known to be associated with a capillary permeability 
factor; in the absence of normal serum inhibitor this mechanism may be 
overactive. Also the lysis of whole-blood clots probably involves comple- 
ment. Platelets first adsorb IgM, followed by adsorption of at least the 
first four components of complement; enzymes associated with these 
components may participate in the activation of plasminogen with eventual 
lysis [41]. 
) re see perhaps conclude by taking note of the fact that through the 
years following the discovery of complement and right up to modern 
times, it has occupied a curiously nebulous position with respect to in vivo 
reactivity. Only quite recently have we been able to assign rather general 
but quite definite roles to complement and its components—properties 
associated with phagocytosis and anaphylaxis, for instance. It is possible 
that a still wider role exists to be discovered in the field of cytotoxicity 
associated with the grafting of foreign tissues, as well as the lesions of 
auto-immune diseases. 
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CHAPTER 6 


ANTIGEN-ANTIBODY REACTIONS 
By E. R. GOLD AND D. B. PEACOCK 
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4. General considerations 
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Secondary reactions 
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. Agglutination 
1. Prozone phenomena 
2. Enzyme-treated red cells 
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c. General considerations 
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Antigen-antibody reactions involving complement 
A. Complement-fixation test 
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C. Conglutination 
D. The Jerne plaque technique 


V. Cross-reactions 
A. No cross-reactions 
B. Cross-reactions weaker than homologous 
C. Cross-reactions as strong or stronger than homologous reactions 
D. Heterologous reactions only 


I. INTRODUCTION 


IN preceding chapters we have discussed antigen, antibody, complement, 
and the events leading up to antibody production. In this and succeeding 
chapters we shall be dealing with the union between antigen and antibody 
and events that follow this union. A distinction into primary and secondary 
antigen—antibody reactions is in fact a convenient means of classification, 
providing that it is understood that under ‘secondary reactions’ are 
included all those reactions that consist of one or more steps beyond 
primary union. Complement fixation is an example of the complexity of 
events that may follow primary union, and at least nine separate reactions 
are involved, as we have already seen. The development of immediate 
hypersensitivity reactions is another example of a complex chain of events 
succeeding the initial reaction. Agglutination and precipitation are 
perhaps truly secondary reactions, though even they are complicated 
enough when considered at a fundamental level, as we shall see. 

There are areas where even such a simple classification as this fails to 
separate events adequately. For instance, if an antibody reacts with an 
immunoglobulin that has already combined with homologous antigen, 
such a reaction might more properly be termed a “second-stage primary 
reaction’. It is a situation that might obtain in certain auto-immune 
diseases. 


II. MECHANISMS OF REACTION 
A. Forces Involved 


In the past immunologists have frequently stressed the high degree of 
Specificity seen in immunological reactions. It is Our opinion that this 
aspect has been overemphasized and that a similar specificity is exhibited 
in many biological processes at the molecular level. 

However, our main concern now is what forces are active and how they 
are arranged in order that specificity may be achieved. In this respect we 
must count ourselves fortunate that the past two decades have seen the 
rapid development of physicochemical methods suitable for investigating 
these detailed biological problems. Physicochemical bonds may be 
regarded as either weak or strong according to the amount of energy that 
is involved in their formation. Pauling [1] gives a value of 10 kcal. per 
mole as forming a useful boundary line between bond Strengths. Stronger 
bonds, such as the covalent bond, are not easily disrupted under physio- 
logical conditions and the ready reversibility of many biological reactions is 
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due to the operation of weaker bonds. Those of particular importance in 
biology are listed in Table XX [2] and compared with the covalent bond. 


Table XX.—BONDS OF IMPORTANCE IN BIOLOGY [2] 


Bond Types Usual Bond Strengths 
(kcal.) 
Van der Waals’s bond 0-5 
Ionic bond 5 
Hydrogen bond 2-5 
Reinforced ionic bond 10 
Covalent bond 40-140 


Perhaps the most general force of intermolecular attraction is van der 
Waais’s force. It is the result of the motion of electrons in a molecule 
causing a momentary electric field that polarizes any other molecule in the 
neighbourhood. The instantaneous change in electric field in the first 
molecule induces an attractive force between the two which in practice is 
inversely proportional to the sixth power of the interatomic distance. 
Besides being weak, these forces are active over a very short range and are 
the first clear indication of the necessity for a close ‘fit’ between antigen 
and antibody. 

The ionic bond, e.g., between sodium and chloride ions, is also a weak 
bond in media of high dielectric constant such as water or physiological 
saline. Coulomb forces of attraction also operate between charged (polar) 
groups and vary with the sixth power of the distance between them like 
van der Waals’s force. 

The third type of force is the hydrogen bond, with a significance possibly 
equal to that of van der Waals’s force. The strength of the hydrogen bond 
depends on the atoms between which it forms a link. Oxygen and nitrogen 
are among the most electronegative of all atoms and form the strongest 
hydrogen bonds, of around 5 kcal. per mole. The hydrogen bond has 
strict stereochemical limitations; thus the atom attracted by a hydroxyl 
group, for instance, must come to lie in line with the axis of the hydroxyl 
group and within a fairly narrowly defined distance from the oxygen atom 
in order that a stable bond may be formed. Because of this hydrogen 
bonds have a greater influence on the steric configuration of polypeptide 
chains than, for instance, van der Waals’s force. 

The advantage of postulating that weak interatomic forces are involved 
in the union of antibody with antigen is that in order to explain the relative 
stability of the union we must accept (1) that several bonds are formed 
between each pair of molecules; (2) that the formation of several bonds in 
each case allows us to explain specificity on the basis of complementarity 
between antigen and antibody; and (3) that the relative ease with which 
antigen-antibody union can be disrupted by thermal agitation is consistent 
with this type of bond formation. 

In previous chapters we have repeatedly stressed the importance of 
closeness of fit in antigen-antibody reactions. It now appears that this not 
only confers specificity on union, but looked at from the opposite point of 
view that it is necessary for the formation of stable complexes. It should, 
however, be recognized that the ‘fit’ need not necessarily be exact and, 
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indeed, the theory of ‘subcomplementarity’ explicitly states this [3]. The 
evidence for such a viewpoint is that configurational changes have been 
observed in antibody after its union with antigen; presumably caused by 
mutual adaptation resulting from a less than perfect fit. ‘Immunological 
denaturation’ is also a well-recognized phenomenon in which structural 
alteration of the antibody molecule is the accepted explanation. An 
obvious parallel, too, lies in the flexibility of structure in the reaction 
between enzyme and substrate. 


1. ROLE OF VAN DER WAALS’S FORCES 


The importance of van der Waals’s forces in the union of antibody with 
antigen lies in the spheres of both specificity and affinity. The strength of 
the attraction between two molecules will depend on how closely they can 
approach each other and over what surface area. Similarly, the specificity 
of the reaction will depend on the extent to which the complexity of the 
determinant pattern is mirrored in the antideterminant. 





p-Azosuccinanilate ion group 


Protein 


Fig. 39.—The structure of the haptenic group of an azoprotein, ovalbumin-p- 
azosuccinanilate ion. Figs. 39, 40 by kind permission of ‘ Endeavour’. 


By drawing the outermost electron orbits of the constituent atoms of a 
molecule a contour line representative of the van der Waals outline can 
be obtained (Fig. 39) [4]. Shown as a protuberance, there seem to be 
fairly good grounds for thinking that determinants fit into invaginations 
in the antibody molecule—a relationship shown in Fig. 40 [4], where apart 
from the van der Waals forces implied by the close fit, a hydrogen bond 
and an ionic bond also contribute to the reaction. 

Such drawings are not entirely speculative and Pressman has investigated 
the binding energies involved in the combination of antibody with haptens 
under conditions where the goodness of fit is varied by introducing sub- 
stituents into the structure of haptens [5]. 

With the introduction of any substituent that alters the van der Waals 
outline a lowering of binding energy may be recorded, but with the hapten 
m(p-hydroxybenzeneazo)-benzoate a disproportionately large reduction in 
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the combining constant results when chlorine is substituted in either of the 
two positions adjacent to the carboxyl group (Fig. 41) [5], possibly 
because the carboxyl group is tilted out of the plane of the ring and hinders 
union. As might be expected the effect of increasing the size of a substituent 
group in a particular position is to increase the steric hindrance, and 
though the effect on the binding energy is often proportional to the size of 





Combining region of an 
«os anti-p-azosuccinanilate antibody 





Fig. 40.—A haptenic group and a complementary region of its specific antibody. 


the introduced group, in some cases, e.g., iodine for bromine, the larger 
group or atom actually increases the combining constant [6], presumably 
because other parts of the reacting surfaces are forced closer together in 
order to accommodate the larger group, leading to an increase in van der 
Waals’s forces of attraction. Obviously this type of manipulation cannot 
be taken too far and Pressman has shown that antibody to a benzene- 
arsonate hapten fails to react at all with a hapten in which the arsonate 
group is separated from the benzene ring by a methyl group (Fig. 42) [5]. 
There is just one position where substituents can be introduced into the 
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ring structure of haptens without altering their capacity to combine with 
homologous antibody, and this, of course, is where the diazo bond is 
formed in order to link hapten to carrier protein (Fig. 42). 

In investigating problems of closeness of fit, the heterogeneity of the 
antibody response must always be borne in mind. In Chapter 2 we saw 


Fig, 41.—Effect of structural alterations on specificity. Substitution by chlorine 
in the positions indicated strongly affects the combining power between antiserum 
and hapten [m(p-hydroxybenzeneazo)-benzoate]. 


how immunologists have attempted to explain the various specificities 
detected by antisera by invoking the concept of partial antigens in some 
cases and different facets of a single sequence of sugars in others. Pressman 
has also considered the possibility that the orientation of a hapten with 
respect to the surface of a carrier protein may influence specificity [5]. In 
the case of a double benzene ring structure the hapten could be: (1) with 


Hapten benzene-arsonate. 


eX) AsO3H, 


Substitution with a methyl group in the position occupied by the diazo 
in the conjugated hapten has no effect on the serological specificity of the 
benzene-arsonate hapten. 


Fig. 42.—Effect of structural alterations on specificity. 


the axis joining the rings vertical, in which case the antideterminant would 
have the form of a long invagination; (2) with the axis and the plane of the 
rings parallel to the surface, in which case the face of the ring structure 
would form the determinant; and (3) with the axis parallel and the plane 
of the rings vertical, in which case the antideterminant would have the 
form of a trench. 


2. ROLE OF ELECTROSTATIC FORCES 


Widely differing opinions have often been expressed about the influence 
of charged groups on antigen-antibody union. Boyd has taken the 
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view [7] that experiments conducted by Singer [8] removed ‘the role of 
Coulomb forces in holding antibody and antigen together... from the 
realms of pure hypothesis’, and Hughes-Jones [9] that ‘attempts to demon- 
strate the presence of any of these forces in antigen-antibody reactions 
have not been successful’. Pressman [6] has summed up the evidence in 
favour of the involvement of charged groups and we feel that the weight 
of evidence lies on his side; in spite of the fact that his earlier work and 
that of Singer quoted above could be criticized on the grounds that 
alterations in the pH of medium might have an effect on the antibody 
molecule as a whole, and thereby a secondary effect on the combining site. 
He describes the use of two haptens which differ only in that the nitrogen 
of one replaces the carbon of another and that the ammonium compound 
carries a positive charge (Fig. 43). Although the two haptens have virtually 
the same size and configuration, nevertheless their combining constants 
with antibody differed by a factor of ten. 


—N= wn) N(CH;)3* 


p-azobenzene-trimethylammonium ion 


p-azo-tertiary-butylbenzene 


Fig. 43.—Similar haptens differing mainly in the charge they carry [6]. 


The argument is further strengthened, but perhaps not finally clinched 
even yet, by studies in which the combining sites of antibodies are protected 
during chemical treatment [6]. Protection is effected by combining anti- 
body with its specific hapten during chemical treatment. After sufficient 
time has elapsed for the destruction of unprotected antibody, the hapten 
is eluted and the antibody shown to be still capable of reacting normally 
with homologous antigen. The theoretical implications of this work are 
already having practical applications. If one accepts that ionized groups 
are potentially important for antigen-antibody interaction then their 
action should be partly neutralized by ions in the surrounding medium. 
That this is so can be shown simply by carrying out the initial stages of a 
serological reaction in a medium of low ionic strength. 


3. HYDRATION 


In spite of what has been said previously not all antigenic determinants 
carry charged groups and not all antigen-antibody primary reactions are 
enhanced by lowering the ionic strength of the medium, for instance in the 
case of ABH and Lewis blood-group systems. Under these circumstances 
hydrogen bonds and van der Waals’s forces must be operating and though 
they may not be interfered with by free ions they are still affected by the 
water molecules themselves. In the case of van der Waals’s forces water 
has to be displaced from the interacting surfaces in order that they may 


190 BASIC IMMUNOLOGY 


into sufficiently close proximity for these short-range forces to be 
effective, In the crea be eee peatees bonds, water-solute bonds first have to 
be broken in order that solute-solute bonds may be formed. 

Pressman indicates that the effect of hydration on combining power can 
be seen when the reactions of benzoate- and pyridine-derived haptens with 
antisera to the former are compared [5]. The combining power of the 
reaction would suggest that the nitrogen of pyridine is larger, not smaller, 
than the corresponding —CH— of benzene and Pressman attributes this 
to hydration of the nitrogen in aqueous solution. 


4. GENERAL CONSIDERATIONS 


It is now evident that specificity is achieved through the effect of several 
weak forces acting in concert and spread over a sufficiently large area so that 
the overall pattern of forces may present a unique arrangement. Though 
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Fig. 44.—Three-dimensional representation of the proposed steric analogy 
between L-thyroxine (T,) and 5,5-diphenylhydantoin (DPH). By kind permission 
of the ‘Journal of Clinical Investigation’ [11]. 


specificity is unique the mechanism by which it is achieved is not, and over 
twenty years ago Pauling was stressing the wide ran ge of physiological, and 
indeed biological, reactions that exhibit a similar degree of specificity. A 
few examples will serve to illustrate the point. 

A high degree of specificity is apparent in those drugs that act by 
blocking enzymes and can be classed as metabolite analogues. Albert has 
considered the action of such drugs in exactly the same terms that Pauling 
applied to serological reactions; first came considerations of steric con- 
figuration, then the assumption that van der Waals’s and other weak forces 
operated between substrate and enzyme and that a drug substituted for the 
substrate [2]. In the field of enzymology itself the specificity and com- 
plementarity of active centres and substrates are seen over and over again. 
As an example we can take the operation of ionic and hydrogen bonds in 
the union of cholinesterase and its substrate. 
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Among the hormones we find that thyroxine can be displaced from 
thyroxine-binding alpha-globulin by all analogues of hydantoin which 
contain a particular diphenyl configuration [10]. In Fig. 44 is depicted the 
very close similarity of configuration in these seemingly rather different 
molecules. The same general conclusions regarding complementarity can 
be drawn from the difference in pressor activity between L- and p-adren- 
aline. The former is much more active and is said to make contact with the 
receptor at three points as against two points in the case of p-adrenaline. 

Specific protein receptors with complementary configurations for 
pharmacologically active substances such as epinephrine, acetylcholine, 
and histamine are assumed by Bovet [11], and the same mechanisms are 
now being invoked to explain the sense of smell. 

Looked at from another point of view, it might be asked: If so many 
biological reactions are specific by virtue of complementarity, what is the 
distinguishing feature of the immune response? The answer seems to lie 
only in the capacity of an antigen to call forth a response directed specifi- 
cally towards itself. However, if one accepts that selection operates at 
some stage in antibody production, then the distinction reaches vanishing 
point, since in that case complementary sites for antigen would be 
supposed to exist in the host before stimulation, and changes leading to 
antibody production would be quantitative rather than qualitative. 

In recent times biologists have been turning more and more to a con- 
sideration of events occurring at molecular and submolecular levels. As 
Szent-Gy6rgi has put it, ‘It is physics in the last instance which has to 
explain biological reactions’ [12]. Achievements in these fields have al- 
ready been striking. The concept of biochemical evolution preceding 
biological evolution, with laws similar to those postulated by Darwin, has 
been evolved; mutational events have been correlated with modifications 
of nucleic acid structure; diseases due to errors of inborn metabolism 
have been explained in biochemical terms; and pathological haemoglobins 
have been shown to produce ‘molecular’ diseases. Should it be possible 
some time in the future to rationalize biology completely, then the teleo- 
logical explanations that are employed currently in order to explain 
immunological phenomena will no longer be necessary. Perhaps also 
cellular biophysics in the twenty-first century will be as complete as the 
magnificent edifice of quantum mechanics, as Setlow and Pollard [13] 
so enthusiastically foresee. 

Studies of this sort have necessitated the use of experimental methods 
more akin to the physical sciences than to biology. At the same time the 
older qualitative methods have been replaced by newer quantitative ones, 
in some cases possessing the rigorous precision of those used in analytical 
chemistry. For further information on these subjects the reader is referred 
to textbooks of immunochemistry and experimental immunology [14, 15, 
16]. 


B. Thermodynamics and Kinetics 


1. INTRODUCTION 


The physicochemical changes resulting from interaction between anti- 
body and antigen can be interpreted kinetically and thermodynamically. 
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Studies of this kind have led to estimations being made of the bond 
strengths involved, and indirectly to a knowledge of the types of bonds 
formed. 

It is beyond the scope of this book to deal with the fundamental aspects 
of these procedures, particularly with respect to thermodynamics, but the 
interested reader will find that a number of useful short accounts have been 
published recently [7, 1719]. For more detailed treatments textbooks of 
physical chemistry or more specialized books should be consulted. 

For present purposes all that we need to do is to be able to recognize 
certain symbols and to understand something of what they mean. The 
first of these is the equilibrium constant (k), derived from the relationship 
between the concentrations of reactants and their product. Since antigen— 
antibody reactions are thought to be reversible bimolecular reactions we 
can consider them in these terms. A simple reversible reaction is repre- 
sented by 


NGS): Sena aca te 


According to the law of mass action the speed at which a chemical reaction 
proceeds is proportional to the concentrations of the reacting substances, 
A and B, and their product C. The rate of the forward reaction is given by 


v, = k,[A].[B] 
and of the reverse reaction by 
v, = k,[C], 


where v, and v, are the rates of the forward and reverse reactions respec- 
tively and k, and ky are the respective specific rate constants. The state of 
equilibrium is expressed as 


k,.[A].[B] = v, = vg = ky. [C] 


or 
[C]  & 
[Al-(B1~ & ~~ 


K is the equilibrium constant of the reaction. It not only indicates how 
far to the right the reaction will proceed, i.e., defines how much of the 
product is formed, but from it may be derived information about the 
thermodynamics of the system. 

The thermodynamic expression with which we are most concerned is the 
free energy (F) of a system. The Gibbs free energy, at constant pressure, is 
now usually denoted by G. It is related to total heat or enthalpy (#) and 
entropy (S) by the expression 


G= H-TsS, 


where T is the absolute temperature. ‘Free energy’, ‘enthalpy’, and 
‘entropy’ are all closely defined terms subject to strict limitations and it is 
not possible to explain their meaning exactly in a few sentences. 

It is perhaps sufficient to remark that in the case of an antigen-antibody 
reaction, where two molecules combine, the change in free energy, AG 
places a figure on the amount of energy by which the compound is more 
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stable than the two isolated molecules. This quantity is sometimes called 
the ‘affinity’ of the reaction and is closely related to the strength of the 
bond formed between antibody and antigen. It is evident that this figure 
is most easily arrived at in the case of simple systems, e.g., univalent hapten 
and divalent antibody. The change in free energy at the standard concen- 
tration of 1 mole per litre is related to the equilibrium constant by the 
following expression 


AG® = —RTlog, K 


where R is the gas constant. In addition a value for AG® can be derived in 
the case of antigen-antibody reactions under conditions other than 
standard where the concentrations of reactants and products at equilibrium 
can be determined. Unfortunately, values are still often assigned to AG® 
when standard conditions do not apply. 


2. APPLICATION OF THERMODYNAMICS 


Thermodynamic data can, of course, be obtained by direct calorimetry 
and early attempts to obtain such data on antigen-antibody reactions 
employed this method. The results were rather variable and recent studies 
have mostly had the determination of K as their starting point, rather than 
of changes in enthalpy. As predicted by the proponents of template 
theories of antibody formation, the bond strengths involved in antibody-— 
antigen interactions were low, and of the same order as those postulated 
between template and antibody. 

Techniques have had to be adapted or devised for the determination of 
K. Some of them, e.g., equilibrium dialysis, are applicable only to systems 
using univalent haptens. In this case one of the reactants must be dialys- 
able so that its concentration at equilibrium can be found. For protein 
antigens methods such as electrophoresis and ultracentrifugation have to 
be used to separate reactants, and in these cases the multivalence of the 
antigen has to be taken into account when determining the strength of 
single bonds. 

Even so, unexpected results are not uncommon, and Epstein, Doty, and 
Boyd [20] have been forced to assume an unfavourable orientation of 
hapten on carrier protein in order to explain the larger energy changes 
observed when antibody combined with hapten compared with whole 
conjugate protein. On occasion, too, the union of antigen and antibody 
has been associated with negative values for entropy that would suggest an 
increase rather than decrease in the disorder of the system. It is possible 
that water molecules are released in the course of antigen-antibody union 
and that this does result in an increase in randomness of the system as a 
whole. Rather less likely is the explanation that union results in changes 
in tertiary structure of the antibody so as to allow a greater degree of 
freedom in the internal movements of the molecule. 

In general the collection of thermodynamic data has confirmed the view 
that the fit between determinant and antideterminant is extremely close. 
For instance, the value for AG® in the reaction between lactose hapten and 
homologous antibody is —5-52 kcal. per mole, but only —1-96 kcal. per 
mole for cellobiose reacting with the same antibody, although the only 
difference between the two molecules is in the arrangement of atoms around 
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carbon 4 of the terminal hexose. The alteration of van der Waals’s 
outline by substitution has also been shown to affect the energy changes 
involved in union [21]. If iodine is introduced into a benzoate hapten in 
the ortho position to the antigenically strong carboxyl group, it reduces 
combining energy considerably more than if it is introduced in the meta 


position. 


3. KINETICS 

Apart from determining equilibrium constants, kinetics can also be used 
to study the union of antibody and antigen. Primary union between 
antigen and antibody can be very rapid, taking only a few milliseconds. 
Conventional chemical methods are unsuitable for studying such reactions 
in isolation since they are applicable only down to half-reaction times of 
1 second. Also too slow are the more refined cathode-ray polarography [22] 
and ‘stopped-flow’ [23] techniques. In order to allow more precise 
measurements to be made, relaxation methods have been adapted to the 
study of hapten—antibody reactions. 

Relaxation methods are based on the principle that reactants are 
first allowed to reach a state of equilibrium, which state is then disturbed 
rapidly and the establishment of a new equilibrium is registered. Equili- 
bria can be disturbed in a number of ways, e.g., by changing the tempera- 
ture, pressure, and electrical field strength. Eigen has used alterations 
of temperature [see 24] effected by the electrical discharge from a con- 
denser, the establishment of new equilibria being registered spectro- 
metrically. 

Such methods can be used for determining association constants of 
antigen-antibody reactions. Theoretically the upper limiting value for 
the association constant in a diffusion-controlled reaction is a little over 
10° per mole per second. Experimentally, a much lower figure of 2x10? 
has been obtained; it must, however, be taken into account that not all 
collisions in an antigen-antibody reaction will be fruitful so that diffu- 
sional separation can also occur. This may be the result of an unsuitable 
reciprocal orientation, and it must be remembered that an antideterminant 
probably occupies no more than 1 per cent of the surface area of an 
antibody molecule, so that every collision could not be expected to give 
rise to union. 

Still lower association constants have been found in a system using 
human red-cell antigens [25]. In these experiments the authors took 
advantage of the fact that very high dilutions of the reactants could be 
used to slow down the reaction time, thereby avoiding the necessity for 
special methods of measurement. It was noticeable in this investigation 
that association and dissociation constants were heterogeneous due to 
heterogeneity of affinity—and not only with respect to different antisera 
but also with respect to the antibodies of one antiserum. Nowadays we 
would confidently expect to be able to relate some of these differences to 
the different classes of immunoglobulins. 


4. DETECTION AND USE oF PRIMARY REACTIONS 


Some examples of methods which detect primary reactions have already 
been given in the section on kinetics. In principle any change in the 
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physical or chemical properties of antigen or antibody, resulting from their 
union, can be used to signal that the reaction has taken place. However, 
we are not only interested in thermodynamic and kinetic data, but also in 
such things as the orientation and deformation of the molecules taking 
part; and whereas the older immunologists had to rely exclusively on 
secondary reactions such as agglutination, precipitation, and complement 
fixation, we are now able to detect primary union in a variety of ways. 

Both physical and chemical methods can be used for detecting primary 
union provided that free and bound antigen can be neatly separated and 
that the antigen can be clearly distinguished from antibody. A number of 
methods is available for the separation of free and bound antigen; methods 
such as centrifugation, electrophoresis, filtration, and dialysis. The 
distinction between antigen and antibody is sometimes much harder to 
make and in immunochemistry use has often been made of purified poly- 
saccharide antigens for this reason. We are fortunate, too, in that some 
antigens possess built-in markers in the form of characteristic colour or of 
readily identifiable elements, such as the heavy metals present in a variety 
of respiratory pigments. In rather similar vein enzymes and toxins can be 
used as biological markers, their neutralization signifying the attachment 
of antibody. It will be appreciated that a number of these methods can be 
used equally well for the detection of secondary reactions, but this in no 
way invalidates their use in primary reactions. 

Since built-in markers are somewhat rare, artificial ones have been 
developed. They can be used to label either antigen or antibody, or both. 
Perhaps the most versatile form of marker is the radioactive isotope. It 
can be introduced in the form of radioactive iodine by the relatively simple 
procedure of iodination. Otherwise, for instance in the case of 5S, a 
compound containing the isotope can be coupled to proteins by the 
recognized procedure of diazotization. Such labelling permits the ready 
estimation of free and bound antigen. For instance, in the immuno-assay 
of a hormone a standard amount of radioactive hormone is reacted with a 
standard antiserum. The ratio of free to bound antigen is then measured 
before and after the addition of the sample under test. Comparison with a 
calibration curve will indicate the concentration of hormone in the sample 
with considerable accuracy, amounts as little as 0-15 wg. per ml. being 
detected quite easily. 

Another widely used method is the labelling of antibody with fluorescent 
dyes, so enabling antigen—antibody complexes to be seen with the aid of a 
light microscope. Ideally monochromatic light of the appropriate wave- 
length would be used to excite the dye and a barrier filter placed above the 
specimen would cut out wavelengths other than those arising from 
excitation of the dye. Unfortunately, such ideals are not attainable, but 
the method has achieved wide popularity because of its versatility. For 
instance, antigen can be detected in situ in tissue sections by labelled 
antibody, and vice versa. Antigen—antibody complexes can be detected 
by labelled anti-globulin, itself a most versatile application since one 
labelled antihuman serum will detect a whole range of reactions in which 
human immunoglobulin takes part. Similarly labelled antibody against 
complement can be used both to detect complement and, indirectly, to 
detect antigen-antibody complexes. Though it might be objected that we 
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are dealing here with a number of secondary reactions, in each case we are 
ultimately dealing with the union between labelled antibody and its homo- 
logous antigen. ‘ Met. 

For further details of technique and practical applications of immuno- 
fluorescence the reader is referred to the monograph by Goldman [26]. | 

A third type of substance used for labelling antigens and antibodies is 
ferritin, a protein obtainable from horse spleen and containing sufficient 
iron to render it electron-dense. Ferritin is also an antigen in its own right 
and has been used to detect antibody inside the endoplasmic reticulum of 
plasma cells. i 

Finally, a method already mentioned in connexion with the kinetics of 
antigen-antibody reactions is equilibrium dialysis [27]. The method 
requires the use of a dialysable hapten. Purified antibody solution is 
dialysed against the hapten. After a time a stage is reached at which the 
hapten is present in equal concentration on both sides of the membrane. 
Within the membrane the free hapten is also in equilibrium with hapten 
bound to antibody, and measurement of the concentration of hapten 
outside the membrane will tell us indirectly the relationship between free 
and bound hapten. The concentration of free hapten can be measured 
in a number of ways indicated above or by absorption-spectrometry. 


III. SECONDARY REACTIONS 


The words ‘flocculation’, ‘agglutination’, and ‘precipitation’ are often 
used indiscriminately in the literature of serology, so it is as well to begin 
by defining their meanings. 

The derivation of ‘flocculation’ is the same as ‘flake’ and ‘flock’, and 
can therefore be properly defined as the formation of a loose aggregate. 
It is sometimes used in the sense of aggregates that fail to sediment, but 
more often, and correctly, as the formation of a loose, fluffy precipitate 
that is easily disturbed on shaking. 

‘Precipitation’ means a ‘throwing down’, and has been used in this 
sense in chemistry to indicate a solid sediment formed in a liquid reaction 
mixture. It is used with the same meaning in serology to describe antigen— 
antibody aggregates that ultimately sediment under the force of gravity. 
‘Precipitation’ is thus a general term that describes a certain type of 
visible reaction which follows the union of antigen and antibody; whereas 
‘flocculation’ tells us something about the appearance of such a precipitate. 

It might be thought that the distinction between agglutination and 
precipitation would be quite easy to draw, but it is in the area between 
frank agglutination of cells and precipitation of soluble antigens that the 
difficulties lie. There is an infinite gradation of size from cells, down 
through viruses to macro-molecules and beyond. We will speak of 
agglutination in connexion with the aggregation of mammalian, bacterial, 
and other cells, and of cells to which antigens have been artificially 
attached and of other non-cellular but insoluble Supports, to which 
antigen has also been attached. The distinction between agglutination and 
precipitation may be more than a semantic and descriptive one. We 
shall, in fact, deal with the theories of precipitation and agglutination 
separately, because the detailed mechanisms leading to these phenomena 
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may themselves differ in spite of the fact that interpretation in terms of 
electrostatic forces of attraction and repulsion are currently fashionable. 


A. Precipitation 


Because it is necessary only to mix two reagents together in order to 
observe them, precipitation and agglutination were the first serological 
reactions to be described. Both of them must be clearly distinguished 
from non-immunological (non-specific) aggregation even though they are 
ultimately physicochemical processes. The serological reaction is, of 
course, initiated by the immunologically specific union between antibody 
and its homologous antigen. 

At first precipitin reactions were used in a purely qualitative way, but 
with time it came to be recognized that quantitative information was also 
available, and in 1926 Dean and Webb [28] described a method that 
allowed comparisons of potency to be made between different batches of 
antiserum. By their method constant amounts of antiserum were added 
to varying dilutions of antigen. The mixture showing most rapid precipita- 
tion under standard conditions was regarded as containing the reactant 
in optimal proportions. Within limits, sometimes quite wide, the same 
ratio of antigen to antibody at other antibody concentrations will still give 
most rapid precipitation. We can obtain, therefore, an optimal proportions 
ratio that is used to compare the potency of antitoxic sera in vitro. Differ- 
ences in potency of 20 per cent or so can be recognized. 

The Dean and Webb titration gives us a constant antibody optimal 
proportions ratio. Obviously, the titration can also be performed using a 
constant amount of antigen and varying the quantities of antiserum. 
This is the so-called ‘Ramon’ type of titration, and gives us a constant 
antigen optimal proportions ratio. It is widely used in estimating the 
antitoxic contents of horse antisera. Because of the different conditions 
in the two titrations, the values obtained for the ratios also differ—by up 
to 30 per cent in horse antitoxin—toxin titrations, though in other cases by 
much more. Such differences are more marked in some sera than in 
others. They result from the fact that at higher dilutions of antigen 
concentrations of serum above that required for optimal precipitation fail 
to accelerate and even slow down the rate of precipitation. The reason for 
this remains obscure, but is presumably connected with the relative 
concentrations of the various kinds of antibody that are normally pro- 
duced in response to antigenic stimulation. It is of interest that in this 
respect rabbit and horse antisera classically behave so differently (see below). 


1. EQUIVALENCE ZONE 


In the precipitin reaction the zone of equivalence is that region where 
the relative proportions of antigen and antibody are such that neither 
remains free in solution. In practice it is taken to be the zone where no 
antigen, and little or no antibody, can be detected. Normally it overlaps 
the region of optimal proportions, but coincidence is not necessarily exact. 
Occasionally a little antigen is found in the zone too, and zone width 
varies considerably from system to system, probably depending on the 
choice of antigen and the method selected for immunization. Most of 
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these qualifying remarks could be explained on the basis of reactions 
occurring between heterogeneous antigen and antibody populations. 

On either side of equivalence lie the regions of antigen and antibody 
excess. Both these regions are characterized by incomplete precipitation. 
Antisera can be divided into two broad categories depending on their 
behaviour in these regions. Rabbit (R type) antisera form relatively 
insoluble complexes in both regions and particularly in the region of 
antibody excess. Horse (H type) antisera tend to have narrow zones of 
precipitation and to form soluble complexes in the region of antibody, as 
well as of antigen, excess. Furthermore, the speed of precipitation with 
R-type antisera tends to be uniform throughout the whole region of 
antibody excess so that with most such sera there is no single optimal 
proportions ratio in the presence of a constant amount of antigen. H 
sera, on the other hand, possess well-defined ratios with both constant 
antigen and constant antibody methods. Not all horse sera belong to the 
H type: antitoxic and antiprotein sera do, whereas antipolysaccharide sera 
do not. It is very well known that horse antisera to polysaccharide antigens 
are of high molecular weight (about 1 million), so it is tempting to speculate 
that the relative proportions of IgG to IgM antibodies determine whether 
an antiserum belongs to the H or R type. 

The behaviour of antisera from other species of animals varies widely; 
for instance, it is difficult and sometimes impossible to get antiserum from 
guinea-pigs to precipitate or agglutinate, although it may actively neutralize. 


2. QUANTITATIVE MEASUREMENTS 


Macroscopic precipitation is usually preceded by a period in which there 
is a detectable opalescence. Quantitative estimates of the amount of pre- 
cipitate can be made by examining the light-scattering properties of such 
mixtures in a nephelometer. Similar rather inexact estimates can be made 
by measuring the volume of a precipitate. Truly quantitative measure- 
ments can be effected chemically, for instance, by measuring the amount of 
antibody nitrogen in a precipitate [15]. Care has to be taken with washing 
precipitates which are normally formed in solutions containing extraneous 
protein that may be physically trapped, and in the case of protein antigens 
means have to be found of estimating the antigen nitrogen in the precipitate 
separately. It might be supposed, for instance, that in the zone of equiva- 
lence, or in antibody excess, all the antigen would be present in the preci- 
pitate, and while this is often so, the presence of a non-precipitating 
sa of antibody in the antiserum would render the assumption quite 
invalid. 


B. Theories of Precipitation 


From the earliest days of immunology attempts have been made to 
explain the mechanism of precipitation and to extend these explanations to 
cover the whole field of antigen-antibody reactions. Omitting Ehrlich’s 
purely speculative approach, Bordet was the first to propound a satis- 
factory theory [29] based on experimental evidence. He postulated a 
two-stage theory in which the first stage was specific union between 
antigen and antibody. The second stage, of precipitation, he considered 
was brought about non-specifically by the action of electrolytes and lipids. 
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In its time the theory was widely accepted. It was not until 1934 that 
Marrack produced the first serious contender in the form of the ‘lattice’ 
or ‘framework’ theory [30], which has stood the test of time and is still 
adequate to explain many of the observations associated with serological 
reactions. According to this hypothesis, precipitation is caused by the 
formation of a network of antigen and antibody molecules held together 
by specific interaction of their combining sites. Marrack also accepted the 
possibility that other forces could be involved in the formation of pre- 
cipitates, at least under certain circumstances. 

_ Goldberg examined the concept of the lattice theory mathematically [31] 
in amanner that was thought to explain many, if not all, of the quantitative 
aspects of the precipitin reaction. Starting from basic physicochemical 
principles and assuming that the most probable complexes are actually 
formed, he worked out the theoretical distribution of complexes of 
various size and composition, enabling predictions to be made about the 
quantitative course of the precipitin reaction. Goldberg made a number 
of other simplifications in order to reduce the problem to manageable 
proportions, for which he has been severely criticized. Chief among 
these, perhaps, are the assumptions of a homogeneity of combining sites 
and therefore of bonds between individual antigen and antibody molecules 
irrespective of the size of the aggregates formed, and of an absence of 
cyclical structures in the aggregates. 

A lucid and more detailed account of the main lines of thought embodied 
in this examination, but without details of the mathematical treatment, is 
to be found elsewhere [18]. 

The theory predicts that in the region of heavy antigen excess complexes 
of the composition Ag,Ab will be formed; with heavy antibody excess 
AgAb,, complexes will be formed, where n is the valency of the antigen. 
Singer et al. have examined the behaviour of antigen-antibody complexes 
in the region of antigen excess by ultracentrifugation and electrophoresis 
[see 8]. Specific precipitates were dissolved in an excess of antigen and 
providing that the rate of re-equilibration was sufficiently slow a number 
of peaks, corresponding to fractions of different molecular weight, could 
be detected in the centrifugation pattern. In the region of heavy antigen 
excess the largest of these peaks is the uncombined antigen; next comes a 
peak equated with Ag,Ab complexes, and this is followed in turn by 
smaller and smaller peaks containing less material but larger aggregates, 
e.g., of the composition Ag,Ab,. As the antigen concentration is decreased 
through moderate to slight excess so the faster sedimenting peaks increase 
in size at the expense of those containing smaller aggregates. Electro- 
phoresis was also used to distinguish complexes of different size. The 
results were again consistent with the explanation that in the region of 
heavy antigen excess the main complex had the composition Ag,Ab. _ 

As indicated already, it is not enough to assume that specific union 
altogether accounts for the increasing size of aggregates and ultimately 
for precipitation. For instance, the ionic strength of the medium in which 
the reaction takes place has a profound effect on the outcome and this is 
just one of the reasons that suggest the possibility that forces other than 
those involved in primary union are important. The complexity of the 
situation is also indicated by the fact that the effects of alterations in 
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ionic strength are by no means consistent. Thus raising the salt concen- 
tration in a reaction mixture to 1-79 M (12 x physiological) may more 
than halve the amount of antibody nitrogen precipitated when mammalian 
antisera are tested, but under the same conditions chicken sera may 
recipitate optimally [32]. 
: The aout of Seer formed also depends on the pH of reaction 
mixtures, but remains fairly constant in the range 6-6-8°5. Below pH 4:5 
and above pH 9:5 precipitates do not usually form and formed precipitates 
can be dissolved. Singer has confirmed some of these observations and 
in addition has shown that the dissociation of antigen-antibody complexes 
is complete at pH 2:4, in the case of a bovine serum albumin/anti-BSA 
system at least [8]. md 

It should be appreciated, of course, that under conditions far removed 
from physiological the molecules of antigen or antibody may themselves 
be so denatured that their combining sites are functionally destroyed in 
any case. It is with less extreme conditions that we are primarily concerned 
in order to shed more light on the secondary reaction of precipitation. 
It has to be admitted that we are still largely ignorant of the precise 
mechanism by which primary union leads on to precipitation, and that a 
true understanding is likely to come only when a great deal more is known 
about the nature of combining sites and the effect of primary union on the 
molecule as a whole. At the same time enough is known already for some 
kind of provisional picture to be drawn. 

It is quite certain in the first place that a three-dimensional lattice 
arrangement is possible only when bivalent antibody and multivalent 
antigen are present together, unless the rather unusual case of multi- 
valent antibody and bivalent antigen is accepted. At any rate these 
conditions constitute the minimum requirements and in their absence the 
formation of a lattice is a geometrical impossibility. Apart from what has 
already been said, the evidence that such structures actually exist comes 
from observations that suggest the formation of long chains when bivalent 
antigen was mixed with bivalent antibody [33], whereas a precipitate was 
formed when a small trivalent hapten was mixed with its homologous 
antibody [34]. Not all the evidence points in the same direction, however, 
and it has been reported that bivalent hapten and antibody can form 
precipitating polymers [35]. This could mean simply that long chains do 
precipitate, or that precipitating cyclical structures are formed, or that 
physicochemical forces other than those involved in primary union are 
instrumental in bringing about aggregation and loss of solubility. Even 
discounting the last piece of evidence, it would still be possible to take the 
view that it was the size of the antigen or hapten molecule that determined 
whether precipitation took place and not the number of determinants it 
carried. This aspect has been covered by investigations in which single 
determinants have been coupled to protein carriers such as albumin [36]; 
antisera to these artificially enlarged haptens fail to precipitate them. It 
has not proved possible as yet to obtain confirmation of these results with 
naturally occurring monovalent protein antigens, although such antigens 
undoubtedly occur; for instance, diphtheria toxin contains a single toxic 
group that is also antigenic. However, the molecule of toxin itself contains 
a variety of other antigenic determinants and possibly more than one of 
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each specificity, but even if it carried only three determinants, each of a 
different specificity, a whole antiserum containing antibodies of all three 
specificities would be able to form a lattice with the toxin molecules. In 
rare cases antisera to diphtheria toxin have been found that neutralize but 
do not precipitate [37], and it is presumed that such antisera do not carry 
the full spectrum of antibody specificities for some reason of animal 
idiosyncrasy. 

If lack of precipitation can be due to univalent hapten, then, taking a 
purely mechanistic view, it can equally well be due to univalent antibody. 
It has indeed been customary in the fairly recent past to refer to ‘in- 
complete’ antibodies that fail to precipitate or agglutinate as ‘univalent’. 
In order to avoid unnecessary confusion it would be as well to point out 
immediately that incomplete antibody in this sense is not univalent. It is 
possible that truly univalent antibody could be produced during the course 
of certain diseases of the immunological system, but otherwise such 
molecules are only known as artefacts made by splitting immunoglobulins 
in vitro and allowing them to recombine to form antibodies of hybrid 
specificity. Such hybrid molecules are unable to form aggregates with one 
antigen. As far as it goes, then, the evidence of ‘univalent’ antibody 
supports the contention that precipitates arise because lattice-like structures 
are formed. 

There are a number of conditions under which there can be failure to 
precipitate serologically and which should be accounted for in any theory 
of precipitation. So far we have considered monovalent antigen (or 
hapten) and antibody. Marrack [38] lists three other causes: (1) low 
affinity of antibody for antigen, (2) electrostatic repulsion, and (3) steric 
hindrance. 

A lattice theory satisfactorily accounts for many aspects of the precipitin 
reaction, and in particular for the three zones that have become so well 
characterized (Fig. 45). Lack of precipitation in the zone of antibody 
excess is explained by postulating that all antigen sites are occupied by 
antibody and that in extreme cases all antigen sites are occupied by 
different antibody molecules; there is thus no mechanism by which a 
lattice can be built up. The relationship between antigen and antibody is 
reversed in the zone of antigen excess, and though the complexes formed 
have a different composition precipitation is again inhibited. What a 
lattice theory without modification fails to do is to explain why some 
potent antisera do not have a zone of inhibition in the region of antibody 
excess. In such cases one can postulate a rather high dissociation constant 
for the antigen-antibody reaction, permitting formed bonds to break and 
new bonds to be formed. The latter may be between one molecule of 
antigen and an antibody molecule already attached to another antigen 
molecule; in this way larger aggregates may be formed until eventually 
precipitation results. It is interesting to note, however, that Marrack 
invoked a lowered affinity of antibody for antigen to account for the 
failure of some cross-reacting systems to precipitate [38]. The fact that 
union does occur between heterologous antigen and antibody is proved by 
the fact that the homologous system can be inhibited, albeit usually by high 
concentrations of heterologous antigens. This does suggest all the same 
that a low affinity is associated with the lack of precipitation seen with 
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heterologous, but reacting, systems. In terms of molecular inter- 
action the ents of ‘lower affinity’ is not quite clear, but in the wets 
of antigen-antibody reactions it could well be largely covered by ‘higher 
dissociation constant’. What is certain is that the heterogeneity of antibody 
and antigen populations is so great that with the crude weapons at our 
command we are only obtaining average or mean results and that it is not 
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Fig. 45.—The possible consequences of varying the relative concentrations of 
antigen and antibody on the formation of lattice-like structures. (Drawn by 
Dr. L. W. Greenham.) 


possible to generate rules governing the whole range of reactions by 
observing those phenomena that occur at one extreme or another. In 
other words, we are still in no position to explain all the anomalies seen in 
the very complex situations where populations of antibodies react with 
populations of antigenic sites. 

Even if we accept a simple lattice theory provisionally, there are still a 
number of points that require clarifying. Under conditions of low ionic 
strength that favour the union of antigen with antibody the formation of 
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aggregates is not necessarily equally favoured. Other observers have noted 
that altering the surface charge of antibody molecules by acetylation 
of the amino groups also reduces or abolishes the formation of a specific 
precipitate [39]. By increasing the net negative charge on antibody mole- 
cules in this way it is presumed that the net repulsive charge between them 
is increased, and since aggregates are largely made up of antibody molecules 
the growth of such aggregates is inhibited. Iodination, which reduces the 
net negative charge, has the reverse effect, as would be expected [6]. 

The formation of a precipitate can thus be viewed as a battle between 
the opposing forces, of association represented by the bonds formed be- 
tween antigen and antibody on one side, and of disruption represented by 
the forces of repulsion acting mainly between antibody molecules on the 
other. Both these forces would be affected by the ionic strength of the 
medium. 

Lastly, there is the question of inhibition of precipitation caused by 
steric hindrance. Described by a number of authors in connexion with a 
variety of systems and with both antibody and antigen, the fact remains 
that inhibition in all these cases can be put down to steric hindrance by 
other macromolecules forming complexes with either antigen or antibody. 
The subject does not really add to our understanding of the mechanism of 
precipitation. It may, nevertheless, be important in certain contexts to 
recognize that precipitation may fail if antisera, or, in some cases, antigens, 
are subjected to a variety of processes such as heating, ageing, photo- 
oxidation, and extraction with lipid solvents. 

We are left with a rather unsatisfactory situation in which speculations 
about lattice formation are obviously inadequate at present to account for 
all the phenomena associated with serological precipitation. We know that 
the heterogeneity of antigen and antibody, particularly the latter, must 
introduce complications, and indeed that heterogeneity may extend to the 
presence of precipitating and non-precipitating antibodies in the same 
serum, a circumstance that is inferred from the descriptions of rare 
antisera that fail to precipitate at all. It could well depend on the relative 
proportions of such antibodies in an antiserum whether precipitation 
occurs at this or that concentration. Finally, the role of the medium in 
which the reaction is occurring must not be forgotten since, apart from any 
effect it may have on primary union, it may influence the course of 
precipitation through its effect on the net charge at the surface of immuno- 
globulins. It is the possibility that interaction between antibody molecules 
is finally responsible for precipitation that is currently engaging a good 
deal of attention. 


C. Immunodiffusion and Immuno-electrophoresis 


These two fairly recent developments of the precipitin reaction have 
provided us with a good deal of information about the precipitin reaction 
itself, but more particularly about the nature of the chief reactants. The 
main lesson affecting general serological principles to be gleaned from 
these techniques has been that both ‘antigen’ and ‘antibody’ are normally 
complex preparations consisting of a spectrum or population of molecules 
that in either case may differ quite widely within itself. As a result we now 
recognize that many antigenic preparations previously thought of as 
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‘pure’ antigens are, in fact, complex mixtures of antigens or their deter- 
inants. 
nThe principle of immunodiffusion is that antigen and antibody are 
allowed to diffuse through a semi-solid medium such as agar gel. In 
single-diffusion techniques one of the reactants is incorporated in the gel 
and the other diffuses away from a reservoir. In double-diffusion tech- 
niques the reactants are allowed to diffuse towards each other from separate 
wells or troughs. In both cases bands of precipitation will appear where 
appropriate (optimal) concentrations of antigen and antibody are achieved. 
Precipitations such as these were described as long ago as 1905 by 
Bechhold [40], but in spite of new reports from time to time the technique 
of gel diffusion was used as a delicate tool for the study of precipitation 
only after its possibilities had been pointed out by Oudin in France [41], 
Ouchterlony in Sweden [42], and Elek in England [43]. With these 
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Fig. 46.—Diagrammatic illustration of the process of immuno-electrophoresis. 
A, Distribution of protein spots in gel following electrophoresis. 1, la, Proteins of 
broad charge distribution; 2, Two different overlapping proteins; 3, Protein in high 
concentration against which there is little antibody. B, Areas of precipitates which 
form when diffusing antibody meets antigen. C, Trough containing ‘polyvalent’ 
antiserum. Reproduced from R. R. A. Coombs and P. G. H. Gell (eds.) (1968), 
‘Clinical Aspects of Immunology’, by kind permission of Blackwell Scientific 
Publications, Oxford. 
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methods it proved possible to reveal hitherto quite unsuspected com- 
plexities in antigen and antibody preparations, but particularly in the 
former. For instance, antigens which had been highly purified chemically 
could subsequently be shown to be heterogeneous by immunological 
means. Thus, repeatedly recrystallized ovalbumin still contained con- 
albumin (serum albumin) as a contaminant. 

A new dimension was added to the technique of immunodiffusion by 
Grabar and Williams [44] when they showed that one of the reactants could 
first of all be subjected to the action of an electric current in the gel before 
being allowed to diffuse through it. This is immuno-electrophoresis and it 
permits the separation of antigenic molecules in a mixture according to the 
net electric charge they carry as well as by the rate at which they diffuse. 
The principle of the technique is set out in Fig. 46 [45], and the large 
number of distinguishable antigens in a single preparation in Fig. 47 [46]. 

The high degree of serological resolution of which these methods are 
capable is largely due to the controlled rate of diffusion and the formation 
of narrow bands of precipitate. In the conventional precipitin reaction 
mechanical mixing and convection both play a part in bringing antigens 
and antibodies together as well as simple diffusion. A situation more 
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analogous to immunodiffusion is set up in the interfacial technique when a 
preparation of antigen is carefully layered over an antiserum ina tube. As 
the reagents diffuse through each other all concentration ratios possible 
are theoretically achieved and precipitation occurs. The same sequence of 
events takes place in immunodiffusion, so that we can visualize the process 
as consisting, in the case of double diffusion, of two concentration 
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Fig. 47.—Diagram showing the principal precipitation arcs formed in an immuno- 
electrophoretic analysis of normal human serum. Reproduced from J. F. Ackroyd 
(ed.) (1964), ‘Immunological Methods’, by kind permission of Blackwell Scientific 
Publications, Oxford. 


gradients formed between two wells cut into the gelled medium. As 
diffusion proceeds, a point is reached at which the concentrations of 
antigen and antibody are such that precipitation ensues. More antigen 
and antibody arriving from either side will simply add to the precipitate. 
The result is a sharp line of precipitate formed between two reservoirs, but 
such an explanation is really a gross oversimplification of the events; it 
does not, for instance, take into account the possibility of falling concen- 
trations or exhaustion of reagents. It does, however, provide a sufficient 
basis on which the applications of the techniques can be discussed. 
Perhaps the first thing to note is that the lines of precipitate may be 
clear and sharply defined with some sera and more diffuse with others. It 
will be remembered that H-type antisera have a relatively narrow zone of 
precipitation, whereas R-type antisera precipitate over a wide range of 
antigen-antibody ratios, principally because there is no inhibition zone 
of antibody excess. Antisera of the H type therefore give sharp lines of 
precipitation and those of R type give broad bands. The importance 
of balanced antigen-antibody systems also should not be overlooked. A 
balanced system contains antigen and antibody in appropriate concentra- 
tions and quantities of the reactants in wells placed at a suitable distance 
from each other. In unbalanced systems where antigen or antibody is in 
excess a formed precipitate may be dissolved. Under similar but less 
extreme conditions the line of precipitate may migrate over a period of 
time as a precipitate is dissolved in an excess of, say, antigen which moves 
on to meet higher concentrations of antibody when it is again precipitated. 
With R-type antisera the precipitates are less readily soluble and a migrat- 
ing line often leaves a fuzzy trailing edge. This type of phenomenon can 
also sometimes be observed in the interfacial precipitin test carried out ina 


test-tube. 
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As indicated earlier, immunodiffusion and immuno-electrophoresis 
techniques are remarkably versatile. With a suitable arrangement of wells 
and troughs to act as reservoirs and a range of antigenic preparations and 
specific antisera, band patterns are formed that can convey a great deal of 
information about the relationships between different antigens and their 
determinants. With double-diffusion methods used in this way three kinds 
of band patterns can be recognized: the so-called reactions of ‘identity’, 
‘partial identity’, and ‘non-identity’. In Fig. 48 is illustrated a number of 
cases in which such reactions could be observed. In Fig. 48a we see 
reactions of identity where two lines of precipitate meet in a smooth curve. 
A reaction of partial identity is shown in Fig. 48 c, where the spur extending 
the line formed between the homologous system indicates that some of the 
determinants on the homologous antigen molecule are not carried by the 
cross-reacting antigen. In Fig. 48 b we see a reaction of non-identity in 
which a multipotent antiserum detects two separate antigens in two 
preparations and the precipitation lines simply intersect since the two 
reacting systems are quite distinct. 


Fig. 48.—Simple gel-diffusion reactions. a. 1, Anti-A antiserum; 2, Antigen A: 
Preparation 1; 3, Antigen A: Preparation II. b. 10, Anti-(A+B) antiserum: 11. 
Antigen A; 12, Antigen B; c. 13, Anti-A antiserum; 14, Antigen A’; 15, Antigen A. 
Reproduced from R. R. Coombs and P. G. H. Geil (eds.) (1968), ‘Clinical Aspects 
of Immunology’, by kind permission of Blackwell Scientific Publications, Oxford. 


Though the examples given above are quite clear-cut, it should not be 
assumed that the interpretation of band patterns is always simple. Even a 
single line between two cups may mean only that the resolving power of 
the system is inadequate; and a double line may indicate not two antigen— 
antibody systems but an unbalanced system. With multiple antigens and 
polyspecific antisera some systems may not form precipitates at all 
tea on the tee Sit ne EEL and diffusion rates of the reac- 
ants. In other words, in complex mix it i i 
UIECRER ECTS tos coke Pp tures it is not always possible for 

The wide variety of patterns that can be obtained and the interpretation 
to be placed on them is discussed in more detail elsewhere [45], and 
Ouchterlony has found it necessary to modify his original arrangement of 
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identity, partial identity, and non-identity by dividing possible reactions 
into four groups [47]. But probably no system adequately embraces all the 
possibilities since we do not yet understand all the complexities of partial 
antigens, multiple determinants, and the vagaries of antibody production in 
response to such complex stimuli. What we can say is that with suitable 
reference antigens and antisera we can identify antigens and antibodies 
with a very fair degree of certainty even though they are present as mixtures, 
The importance of working with balanced systems must never be over- 
looked, although it may be difficult in some cases. As an aid to detection, 
measurement, and preservation, protein dyes have been widely used for 
staining the precipitates or the reagents before use in the test. The subject 
has been dealt with in some detail by Crowle [48]. 

The principles of immunodiffusion apply equally to immuno-electro- 
phoresis, but the methods differ in that the components of an antigen 
preparation are separated by subjecting them to electrophoresis before 
carrying out an immunodiffusion reaction. Individual antigens can be 
identified by this method by direct comparison with a reference antigen 
(see Fig. 49). Because separation is effected in two ways, immuno-electro- 
phoresis normally has a greater resolving power for antigen components 
than straightforward immunodiffusion. Sometimes this degree of resolution 
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Fig. 49.—Identification of antigens by immuno-electrophoresis. 


yields information that is not immediately useful, immunologically 
speaking. Thus, three kinds of ovalbumin can be detected electro- 
phoretically due to their different contents of phosphoryl groups, although 
they all have identical determinants. Similar observations have been 
made with globulins. 

In immunodiffusion the position of bands of precipitate is a function of 
the relative concentration of the reagents, the optimal proportions ratio, 
and the respective diffusion rates. In immuno-electrophoresis the com- 
ponents of antigen are first separated in a direction at right-angles to their 
subsequent diffusion, and their respective rates of migration depend on the 
net charge of the individual molecules. At the alkaline pH’s used, nearly 
all proteins carry a negative charge and would therefore be expected to 
move towards the anode. That this does not always happen is due to the 
phenomenon of electro-endosmosis. Agar, a commonly used gelling 
material, itself carries a negative charge and, since it cannot move towards 
the anode, pressure is exerted on the liquid of the gel to move in the 
opposite direction. The movement of charged particles in solution is thus 
a function of their own charge and the movement of liquid in the gel: they 
may migrate towards the anode, remain stationary, or even migrate 
towards the cathode. For this and other reasons agarose, a neutral 
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polysaccharide constituent of agar, is sometimes preferred to agar. 
Electrophoresis and immunodiffusion can, of course, be carried out in a 
number of other media such as silica gel, gelatin, cellulose acetate, 
*‘Cyanogum’, and so on. Angas st gee py 

The usefulness of the techniques described in this section is evidenced by 
the immense wealth of literature that has grown up round the subjects in a 
short space of time. Between 1956 and 1960 1200 papers were published 
on the subject of immunodiffusion alone. Here we have been able to deal 
with only some of the main features of these reactions; for further details 
the reader is referred to books already quoted [15—-17, 48], to the massive 
and authoritative review by Ouchterlony [49], and the monograph by 
Peetoom [50]. 


D. Agglutination 


Agglutination in the immunological sense is aggregation of particles too 
large to be considered to be in solution. In practice this means cells of one 
sort or another, though exceptions can be found such as the agglutination 
of antigen-coated polystyrene latex particles. 

For the detection of antibodies agglutination is a much more sensitive 
technique than precipitation, and whereas precipitin tests can detect as 
little as 2 wg. per ml of antibody, agglutination is 10-400 times as sensitive. 
In a few instances where the antigenic structure of a cell is highly repetitive 
as in the carbohydrate antigen of bacterial capsules, agglutination is no 
more sensitive than precipitation. 

The following account is neither a complete nor even a systematic 
survey of agglutination but provides a basis on which the mechanism of 
the reaction can be discussed. If the agglutination of red blood-cells 
appears to receive more than its fair share of attention this is because the 
immense clinical importance of red-cell antigens has led to their intensive 
study, and thereby of the reactions associated with them. Many of the 
same phenomena have been observed with bacterial and other cells but 
have not been followed up with the same vigour; others probably occur 
but have not been looked for. 

As with precipitation, the virtue and attraction of agglutination is that 
it can so readily be observed. The first description of red-cell agglutination 
is usually attributed to Landois [51] in 1875, though clumping of red cells 
in serum was actually observed some six years earlier by a German medical 
student [52], but published in an obscure journal that is not even men- 
tioned in official lists of periodicals. Similarly, although the first descrip- 
tion of bacterial agglutination is often ascribed to Gruber and Durham [53], 
in wees it seems certain that Charrin and Roger [54] observed it still 
earlier. 

Agglutination, like precipitation, is a second-stage reaction that ordi- 
narily follows primary union spontaneously. Once again like precipitation, 
the distinction between primary and secondary reactions is not an arbitrary 
one and the two parts of the reaction can be shown to occur optimally 
under markedly different physicochemical conditions. 

First studied in detail in connexion with bacteria, the investigation of 
agglutination has followed rather a different course from that of precipita- 
tion. This was largely due to technical factors and stemmed partly from 
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the fact that it is impossible to work with very heavy suspensions of 
bacteria because their very opacity renders it difficult to detect agglutina- 
tion, and this predisposed to constant antigen titrations; and partly from 
the fact that the multiplicity of antigens on the cell surface was quickly 
recognized as a complicating factor in agglutination. For instance, the 
distinct specificities of somatic and flagellar antigens and their corre- 
sponding antibodies were clearly described by Smith and Reagh in 1903 [55]. 
At about the same time it was noted that the effect of heat on the same 
antigens and their antibodies also varied [56, 57]. The concept of hetero- 
geneous antigens and antibodies was finally crystallized by Weil and Felix 
in their descriptions of flagellated and non-flagellated forms of Proteus 
bacteria [58, 59]. 

The essential role of electrolytes in precipitation has already been 
mentioned, but it was in connexion with agglutination that this role was 
first demonstrated by Bordet [60]. Specific agglutination can be shown to 
proceed in two stages by reacting bacteria with agglutinating antiserum ina 
salt-free medium. Usually no agglutination occurs, but the ‘sensitization’ 
of bacteria can be detected by the absence of antibody in the supernatant 
after centrifugation, and by the agglutination of resuspended cells after the 
addition of electrolytes. It was this kind of evidence that led Bordet to 
formulate his two-stage hypothesis for antigen-antibody reactions, which 
can be compared with the flocculation of colloidal suspensions of metals 
by salt; or the equally well-known phenomenon of the deposition of clay 
at a river mouth where muddy water mixes with the sea water. 

Although electrolytes are essential if the reaction is to take place, 
agglutination (and precipitation) is inhibited or delayed by hypertonic 
concentrations of saline (0-2-0-5 M and above), resulting, for instance, ina 
reduced titre for isoagglutinins in the ABO blood-group system [61]. 


1. PROZONE PHENOMENA 


The widespread use of the agglutination reaction for bacteriological 
diagnosis soon led to the discovery of prozone phenomena; that is to say 
that agglutination occurs in the presence of higher dilutions of antiserum 
but not in lower dilutions. Attention to detail led to the recognition that 
prozones were particularly noticeable when antisera had been stored for 
some time or had been heated. Shibley investigated the effect of heat on a 
high-titred antiserum to a dysentery bacillus that initially displayed no 
prozone [62]. Heating the serum induced three changes: at 60-70° C. a 
prozone was induced; at 76° C. the prozone was abolished and there was 
some reduction in the titre of the serum; and at 78°C. the capacity to 
agglutinate was abolished altogether. In 1931 Arkwright wrote that it 
seemed ‘necessary to postulate two different kinds of agglutinins’ and 
that ‘these might be associated with serum proteins of different suscepti- 
bility to heat’ [63], a conclusion which could prove perfectly acceptable 
even today. 

The occurrence of prozone phenomena is not, of course, confined to 
heated sera. Prozones are found with particular frequency, for example, in 
sera that contain antibodies to the bacterium Brucella abortus. As in the 
case of precipitation, we have two possible explanations to account for 
inhibition in zones of antibody excess; either every available antigen site 
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is occupied by an antibody molecule and larger aggregates cannot form, 
or we must postulate the existence of a separate kind of * blocking’ antibody 
molecule that is unable to agglutinate, and, as Arkwright foresaw, the 
effect of heat might be to alter the relative concentrations of ‘blocking’ 
and agglutinating antibodies in serum. The evidence for the existence of 
non-agglutinating antibodies is very strong. In 1944 Wiener [64] and 
Race [65] independently discovered such antibodies in unheated human 
sera directed towards Rh antigens. These so-called ‘incomplete’ anti- 
bodies are preferentially adsorbed to red cells and block the adsorption of 
and agglutination by ‘complete’ (‘saline’) antibodies. ‘Saline’ anti- 
bodies are so called because they agglutinate red blood-cells suspended in a 
saline medium whereas ‘incomplete’ antibodies agglutinate only when 
albumin or some other macromolecular substance such as serum, plasma, 
dextran, polyvinylpyrrolidone, gelatin, gum acacia, etc., is added to the 
medium. While the occurrence of incomplete or blocking antibodies may 
be an adequate explanation of some prozone phenomena at least, it does 
not of itself lead to a better understanding of the mechanism of agglutina- 
tion. For this it would seem that a profitable approach would be to find 
out why some antibodies only agglutinate cells under special conditions 
and to define what these conditions are. 

We have just noted the effect of a variety of macromolecules on in- 
complete antibody. In addition, blood-group serologists have devised two 
other methods for agglutinating red cells to which this kind of antibody has 
absorbed. The first of these is enzymatic digestion of the red blood-cell 
surface, and the second is the use of antiglobulin sera, both of them having 
some relevance to the problem of agglutinating mechanisms. 


2. ENZYME-TREATED RED CELLS 


A wide variety of proteolytic enzymes has been used for digesting the 
red-cell surface in order to render the cells susceptible to the agglutinating 
action of incomplete antibody. Such enzymes have been derived from 
animal, vegetable, and fungal sources and include trypsin, papain, ficin, 
bromelin, and protease G. The precise action of these enzymes on the red 
cell is still not known and doubt has been expressed as to whether it is 
proteolytic at all since most of them are known also to possess esterase 
activity, whereas a number of other proteolytic enzymes are ineffective in 
this respect. Nor is the activity of the effective enzymes identical. For 
instance, bromelin is the best of those mentioned above for the detection 
of antibody on the red cells of infants suffering from ABO haemolytic 
disease. Another pointer indicating that proteolytic activity may not be so 
important is that neuraminidase produces a similar serological effect, and 
that the activity of the enzyme is proportional to the amount of sialic acid 
released. 

The technique of enzyme treatment can be combined with either of the 
other two methods, macromolecular medium or antiglobulin reagents, to 
enhance sensitivity [66], which perhaps suggests that the same mechanism 
Is Operating 1n each case. The discovery of incomplete antibodies asso- 
ciated with the Rh system initially led to the supposition that they were 
univalent. However, there is no doubt now that incomplete antibodies are 
at least divalent, and, indeed, incomplete anti-D sera are able to agglutinate 
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certain kinds of cell carrying the D antigen. Before these facts were known 
the addition of macromolecular substances was thought to allow non- 
specific serum factors to effect agglutination. Once this idea had been 
discarded it was postulated that enzymes unmasked ‘hidden’ antigens, 
though this is not a very satisfactory explanation of enhancement by 
albumin, etc. More recently, attention has been turned towards physico- 
chemical factors common to all three methods, e.g., reduction of surface 
negative charge. Whether these latter-day explanations are correct or not, 
it is certain that it is at this level that answers to the problems associated 
with precipitation as well as agglutination must be sought. 

Before going on to deal with theories of agglutination, however, we 
should first deal with the last of the three methods which enable incomplete 
antibodies to agglutinate. 


3. ANTIGLOBULIN TEST 


In antiglobulin tests incomplete antibody is first adsorbed to red cells 
and agglutination brought about by the action of antibody to the adsorbed 
immunoglobulin. The orthodox view of the mechanism involved was that 
the antiglobulin effected a bridge between immunoglobulins attached to 
different cells. Such a mechanistic viewpoint seems particularly reasonable 
when it is realized that in blood-group serology it was soon recognized 
that incomplete antibodies were predominantly IgG and complete were 
IgM. At the time it was supposed that the difference in molecular weight 
between the two classes was reflected in different lengths of molecule and 
whereas IgM molecules could span the distance between two red cells, IgG 
molecules could not. 

In practice antiglobulin tests are described as ‘direct’ or ‘indirect’, 
although the serological principle is the same in both cases. In the direct 
test red cells that have been coated with antibody in vivo are used; in the 
indirect test antibody is adsorbed to the red cells in vitro. 

The direct test is widely used in the diagnosis of haemolytic disease of the 
newborn caused by maternal antibodies to Rh and some other antigens 
finding their way into the foetal circulation. With ABO-haemolytic 
disease, however, the test is usually negative for reasons that are by no 
means clear. Possibly the red-cell antibody is orientated in such a way 
that antiglobulin is unable to attach to it. That antibody has actually 
been bound in vivo can be shown quite easily, either by eluting it and char- 
acterizing it separately, or by various modifications to the antiglobulin test 
itself. As we have mentioned before, the test can be used in conjunction 
with macromolecular media and enzyme treatment and the sensitivity of 
the test considerably enhanced thereby. It is of interest that enzyme treat- 
ment of cells already sensitized by antibody in vivo alters agglutinability 
because the antigenic sites themselves are in no way changed since they are 
protected in the same way as Nisonoff and Pressman protected antibody- 
combining sites while antibody molecules were being acetylated [39]. 

A wide variety of indirect antiglobulin tests has been devised. They are 
used not only for the detection of antibodies as such on the surface of red 
cells but also for the study of the antigenic structure of immunoglobulins. 
For diagnostic serology the sensitivity of a test is frequently of paramount 
importance. Many ingenious ‘sandwich’ and ‘consumption’ tests have 
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been invented [45], with the ultimate objective of detecting antibody on the 
red-cell surface. Sometimes these methods are quite indirect in the true 
meaning of the word. For instance, in some cases antisera directed against 
components of complement are more successful than antiglobulin sera. 
Occasionally, several layers of antigen-antibody reactions have to be built 
up on the surface of a red cell before agglutination can be induced. In such 
cases it is not easy to understand from a mechanistic point of view why the 
first layer of antiglobulin was not adequate to bridge the gap between blood- 
cells. Antigens located in crypts in the cell membrane or determinants so 
orientated that antibody did not stick out from cell surface are among 
explanations offered to try to account for these phenomena. 

Prozones have also been described in antiglobulin tests. They are rather 
characteristic of ‘Raggs’. These are antiglobulins found in the serum of 
patients with rheumatoid arthritis, and they have been used as a natural 
source of antiglobulin reagent. ‘Snaggs’ are found in normal serum and 
characteristically are of much lower titre. Prozones have also been 
described in the case of rabbit antiglobulin sera. Inhibition by blocking 
antibody and saturation of antigenic sites have both been held to account 
for these zones of inhibition in the same way as they have been applied 
to bacterial agglutinins. The two mechanisms can be distinguished by 
carrying out a blocking test—the classic method used for the detection of 
incomplete antibodies, shown up by the fact that they can prevent aggluti- 
nation by complete antibody added subsequently. 


E. Passive Agglutination 


Under this heading we shall consider a number of techniques that have 
as a common denominator the use of particulate supports to which antigen 
is attached before reaction with specific antibody is attempted. Passive 
agglutination, then, is the agglutination of particulate materials to which 
antigen has been attached, often by non-immunological means. Supports 
for this purpose can be cells, or they can be organic or inorganic particles. 
The virtue of the technique lies in its great sensitivity, upwards of 400 times 
as sensitive as corresponding precipitation techniques for the detection of 
antibody. Of course, it can legitimately be argued that passive agglutina- 
tion is simply a modified precipitin reaction and as such it could more 
properly have been dealt with in that section. However, apart from its 
more obvious similarities to agglutination, in one important respect, to be 
discussed later, it is relevant to theories of agglutination. This is an aspect 
that has already been touched on lightly and is the orientation of an 
antigenic grouping at the surface of a particle. For these reasons we make 
no apology for introducing passive agglutination at this point. 

It should be fairly obvious, too, that instead of antigens it should be 
possible to adsorb antibodies to the inert support and effect agglutination 
by adding antigen. In this event we refer to the reaction as ‘reversed 
passive agglutination’. No significance attaches to this reaction other than 
that it is an alternative method to be used in appropriate circumstances 
Also, in this section we shall refer from time to time to ‘co-agglutination’, 
a term used to describe a situation in which red cells are carried down or 

agglutinated’ by non-precipitating complexes of antigen and antibod 
even though the latter, mixed in different proportions or concent 
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are capable of precipitation. The mechanism of this reaction is not 
understood, and it differs in principle from passive agglutination in that 
neither antigen nor antibody is first adsorbed to the red cells [29]. Some 
reactions thought to be examples of passive agglutination may be partly 
or wholly co-agglutination. 

In the preparation of particles for passive agglutination soluble antigens 
can be attached in three possible ways: by adsorption, by chemical 
bonding, and by immunological reaction. The most commonly used 
biological support is the mammalian red cell, but we shall deal first with 
attachment to organic and inorganic supports. 


CHEMICAL SUPPORTS 


A wide variety of chemical substances has been used for the adsorption 
of antigens, e.g., kaolin, barium stearate, charcoal, glass beads, china 
clay, carmine dye, and bismuth oxy-gallate particles, just to name some. 
We shall discuss shortly a few representative examples from among these 
and other materials. 

Collodion particles were used as long ago as 1928 [67] but have not 
achieved wide popularity because of technical difficulties associated with 
the instability of suspensions and non-specific results. Once the antigen 
has been adsorbed to the particles, it is usual to wash them thoroughly 
before admixture with specific antibody in order to remove unadsorbed 
antigen which might interfere with the test by reacting with the antibody. 
It is of theoretical interest that a high degree of sensitivity is claimed for a 
test in which toxin, antitoxin, and collodion particles are simply mixed 
together. It is possible that the reaction is one of co-agglutination rather 
than passive agglutination. 

Surface fixation has been used in connexion with serum albumin, 
bacterial, lipid, and red-cell antigens; it has also found application in 
routine blood group serology as a rough quantitative test for anti-A and 
anti-B. The test is based on the fixation of red cells and other antigenic 
substances, in the presence of antiserum, to the fibres of filter paper [68]. 

The /atex test was devised by Singer and Plotz in 1956 [69]; the technique 
is now in widespread use and latex polystyrene particles coated with a 
variety of antigens and antibodies are readily available commercially. 
The spherical particles are 0-8-1-1 » in diameter and provide an enormous 
surface area for adsorption, a single particle being able to absorb approxt- 
mately 75,000 molecules of globulin. The mechanism of adsorption is 
not precisely known, but it is possible that the coated particle has more 
than one layer of antigen. Suggestions that the simultaneous adsorption 
of albumin and globulin is evidence of the presence of more than one kind 
of receptor site are therefore not necessarily true; the possibility that 
albumin could absorb to an intact protein coat of globulin and vice versa 
must also be entertained. 

Although immunoglobulins remain attached to latex particles during 
washing, particles coated with thyroglobulin may fail to agglutinate in the 
presence of anti-thyroglobulin if they have been washed. It 1s possible 
that here again we are dealing with co-agglutination. Indeed, possibly 
co-agglutination should be suspected in a number of situations where 
sensitized particles are used without being washed. 
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Techniques and applications of the latex test have been reviewed by 
Singer [70] and by Goodman and Bozicevich 2 ee 

The bentonite test employs sodium bentonite, a silicaceous earth that 
provides a very large surface area for adsorption. The test has the advan- 
tage that it can be used with polysaccharides and even with DNA, as well 
as protein antigens. In addition, the coated particles are often quite 
stable and can be stored for several months. Against it is its lack of 
sensitivity, at any rate compared with passive haemagglutination tech- 
niques. 

re with other passive agglutination tests, non-specific agglutination has 
to be avoided by careful control of pH, salt concentration, and, most 
important, by the addition of stabilizing substances such as dilute normal 
rabbit serum or polyvinylpyrrollidone. 

Bismuth tannate and barium sulphate have come into prominence as 
substrates rather more recently [72, 73]. The antigenicity of heavy chains 
of human immunoglobulins has been investigated using barium sulphate 
as a support [74]; its usefulness in reactions utilizing rabbit antihuman 
globulin has also been confirmed [74]. 

The barium-sulphate test has the considerable advantages of availability, 
cheapness, simplicity, and rapidity. 


F. Passive Haemagglutination 
1. WitH UNmopIFIED RED CELLS 


As long ago as 1898, Nicolle [75] exploited the same principle, but 
instead of mammalian cells he used bacteria as supports. 

As with chemical supports the exact mechanism by which antigens are 
attached is not known, but several interesting features are apparent. First, 
the method of extraction used for a particular antigen, from a bacterium 
Say, is important. In other words, parts of the extracted molecule other 
than that governing serological specificity are important for adsorption. 
Then again adsorption is very greatly enhanced (one hundred to one 
thousandfold) by heating the antigen or treating it with alkali (probably 
the result of deacetylation). Finally, the same red cells can be sensitized, 
either consecutively or simultaneously, with the addition of eight or more 
different polysaccharides. Even if one polysaccharide is present at 250 
times the concentration of the others it does not prevent adsorption of the 
latter. These facts, together and separately, have been taken to indicate, 
once again, that support surfaces possess several qualitatively different 
receptor sites for polysaccharides and other antigens. Once again it is also 
possible to envisage alternative explanations. 

_ In the case of polysaccharides, auxiliary substances such as proteins or 
lipids are not necessary for adsorption to take place. On the other hand, 
only undegraded polysaccharides are adsorbed. It is assumed that they 
combine with lipoprotein, or possibly with Phospholipid structures, Excep- 
tionally, a polysaccharide is found that does not attach to red-cell surfaces, 

The test has a number of practical applications and advantages. Its 
sensitivity can be exploited in a great many ways. In addition, antigens 
not normally located on the surface of cells can be studied by agglutination, 
as can surface antigens of cells that do not form stable suspensions, 
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Furthermore, we have seen that several antigens can be fixed simultaneously 
to the surface of red cells so that it is possible in one test to screen for a 
number of distinct specificities. The method also makes available highly 
sensitive techniques for the detection of incomplete or blocking anti- 
bodies. Finally, by the addition of complement, the whole test can be con- 
verted into a haemolytic reaction. On the whole, although considerable 
attention has to be paid to technical detail the test is simple to conduct and 
read. It has been reviewed by Neter [76] and by Goodman and 
Bozicevich [71]. 


2. WitH MopIFIED RED CELLS 
a. Chemical Modification 


We have seen that chemical treatment of bacterial antigens may alter 
their capacity to sensitize red cells. The red-cell surface may also be 
treated so that it adsorbs substances that otherwise it would fail to do. 

Formalin-treated red cells not only adsorb polysaccharides [77] but 
proteins and haptens as well [78]. Tanning of red cells is also widely 
employed in order that protein antigens may be adsorbed and advantage 
taken of the sensitivity of passive haemagglutination. Applications of the 
test have been reviewed by Stavitsky [79] and techniques by Daniel and 
Stavitsky [80]. The use of pyruvic aldehyde as a tanning agent yields cells 
that retain a high degree of stability over considerable periods of time [81]. 
Formolization of red cells before or after tanning also produces stable, 
sensitive suspensions. 

Simultaneous sensitization with several protein antigens is again 
possible with chemically modified red cells as was the case with poly- 
saccharides and unmodified cells. The same inferences are to be drawn 
and reservations made. 

Over the years a wide range of tanning agents has been employed, but 
on the whole attention has been mainly devoted to devising methods that 
produce stable suspensions reliably, rather than to their influence on the 
antigenicity of adsorbed materials. More recently advantage has been 
taken of the extreme simplicity of a technique associated with chromium- 
chloride treatment of cells [82]. In comparisons made with this and other 
methods it is becoming apparent that the tanning agent employed may have 
a very considerable influence on the specificities displayed by adsorbed 
antigens. The conclusion to be drawn from these data is that orientation 
of adsorbed protein on a cell support can play a major part in determining 
its serological behaviour. Such a viewpoint has a significant bearing when 
it comes to considering mechanisms of agglutination. 


b. Chemical Bonding 


Adsorption of antigenic material to modified or unmodified cells does 
not always result in a sufficiently firm union, so it is sometimes an advan- 
tage to be able to make use of stronger chemical bonds. A convenient 
method is to use the diazo linkage afforded by bis-diazobenzidine (BDB). 
The method suffers from the disadvantage that haemolysis may occur 
spontaneously before agglutination can be read. This can normally be 
prevented by treatment of the red cells with formalin before or after 
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coupling. In order to avoid non-specific haemolysis the use of difluoro- 
dinitrobenzene as coupling reagent has been described [83]. 


c. General Considerations 


In the case of chemical bonding a good deal is already known about the 
diazo link. In practice the concentration of the reagents has to be carefully 
controlled, since too little BDB may result in too little antigen being fixed 
to the cells, and too much may lead to non-specific agglutination from the 
formation of cell-BDB-cell complexes. ae 

In the case of adsorption the mechanism of the process is still largely 
unknown, but sufficient evidence has been collected now to show that 
adsorption depends on both the chemical structure of antigens and on the 
nature of the red-cell surface. Exceptionally, proteins are adsorbed 
directly to the red-cell surface without the intervention of covalent bonds. 
On the other hand, bacterial and other polysaccharides are not invariably 
adsorbed. The relationship of structure of antigens to adsorption has 
been shown in the case of pneumococcal polysaccharides, SIII and SVI. 
The former is taken up untreated by human red cells, whereas the latter is 
adsorbed only after oxidation; presumably because some structure capable 
of reacting with a receptor on the red-cell surface is unmasked by this 
treatment. Similarly, the polysaccharide of Klebsiella aerogenes is 
adsorbed only after alkali reduction, a process that probably splits off an 
O-acetyl group; reacetylation reverses the picture. 

There are numerous examples illustrating the importance of choosing 
the right support to demonstrate a particular reaction. For instance, a 
polysaccharide that does not adsorb to red cells may do so to bentonite. 
Also, although DNA is not fixed by tannin-treated red cells, it is by 
formolized cells and by bentonite. Richter and Cohen have emphasized 
that with the use of the same antigen-antibody system, BDB and tanned 
red-cell techniques can give widely different results, even quite contrary 
ones in the sense that one may fail to show agglutination while the other 
does [84]. 

It would appear from the foregoing that the reaction between antigen 
and antibody is strongly influenced by the nature of the surface to which 
the antigen is adsorbed. The same influence has been noted in the case of 
specific antibody attached to red cells acting as antigen in a globulin/ 
anti-globulin reaction [85], indicating that in this context the nature of the 
attachment of antigen to support is unimportant; it can be immunological 
or not. 


G. Theories of Agglutination 


we have been at pains to point out, in a number of instances where antibody 
can be shown to have been adsorbed, agglutination nevertheless does not 
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_ It is for this reason that new attempts are being made to find explana- 
tions that cover all aspects of agglutination satisfactorily. Broadly 
speaking, three kinds of hypotheses have been put forward. The first of 
these maintains that the repulsive force between cells, due to the fact that 
they all carry the same charge, has to be overcome. The second holds that 
the most important feature responsible for holding cells in suspension is 
the layer of hydration that surrounds them. Removal or blockage of the 
hydrophilic groups on a cell therefore results in their agglutination. The 
third theory stresses the importance of the structure of the cell membrane; 
that antibodies can be bound but prevented from agglutinating cells 
through steric hindrance. It must be accepted that in many accounts no 
clear distinction is made between cell membranes and cell coats. Probably 
the outermost layer of cellular material is usually meant, but even here 
there can be a large measure of uncertainty since red cells can and do 
absorb macromolecular materials from the plasma in which they circulate. 
To a large extent the explanations offered, particularly in the first two of the 
above theories, fall within the realm of physical chemistry. It is not pro- 
posed, therefore, to give detailed accounts of them, but rather to examine 
them with a view to seeing how they fit in with the commoner serological 
observations that are not accounted for by a simple lattice hypothesis. 

Pollack has proposed a comprehensive theory [86], embracing all 
aspects of red-cell agglutination associated with a reduction in the forces 
that normally hold them apart. The relevant parameters that have to be 
considered are the ionic strength (x), pH, dielectric constant (D), and 
temperature. A number of these are also involved in the primary reaction 
of antigen-antibody union. It is sufficient to remind ourselves at this stage 
that a lowering of ionic strength increases the amount of antibody uptake 
and rate of binding; the optimum pH is about 6-7, and departures from 
this level in either direction decrease the amount of antibody bound; the 
effect of temperature is such that when it is raised the rate of association is 
raised, but so is the dissociation constant, so that, although equilibrium is 
reached more quickly, less antibody is in fact bound. 

For a consideration of the secondary reaction, agglutination, Pollack 
starts with the long-held thesis that the interplay of two sets of forces 
determines whether charged particles, such as red cells or bacteria, remain 
in stable suspension. One set of forces probably includes van der Waals’s 
forces and has been termed ‘cohesive force’ and ‘interfacial tension’. The 
opposite force is stronger in stable suspensions and is the electrostatic 
repulsion between particles carrying the same charge. Red cells are 
negatively charged, probably due in large measure to the carboxyl groups 
of sialic acid residues at the surface. In the presence of electrolytes a red 
cell is surrounded by a diffuse layer of cations. Those nearest the red cell 
move with it so that a line of shear separates them from more distant ions. 
The zeta potential is the electric potential between these two layers and isa 
measure of the forces of repulsion between cells. 

According to Pollack [86]:— 
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where sodium chloride is the electrolyte. 
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The zeta potential is directly proportional to the net surface charge on a 
cell, and inversely proportional to the dielectric constant and the ionic 
strength of the medium. The forces tending to keep cells in suspension 
apart will therefore be influenced by factors that affect the surface charge 
and by changes in the medium that alter the values of D and yp. 

In the case of the former it is known that the adsorption of IgG and IgM 
antibodies to red cells can reduce the surface charge by up to 30 per cent; 
the ‘blood-group enzymes’ can similarly reduce the charge on human red 
cells from 20 to 53 per cent. Our present knowledge of the structure of 
immunoglobulins does not suggest that IgM molecules can stretch over 
much greater distances than IgG. On the basis of the present theory we 
would have to postulate only that IgM reduced the surface charge more 
effectively than IgG, which in view of the greater number of combining 
sites on IgM molecules is not unlikely. Confirmatory evidence of the 
importance of surface charge also comes from a comparison of the 
agglutinability of red cells of different species. Rabbit cells are regularly 
agglutinated by IgG antibodies in saline; human cells by IgM antibodies; 
and mouse and dog cells rarely even by IgM antibodies. The electro- 
phoretic mobilities of these cells are 0-55, 1-31, 1-40, and 1-65, per 
second per volt per cm. respectively. 

So far we have considered only the effect of physicochemical forces on 
agglutination, but it should be possible to narrow the gap between cells 
mechanically. Solomon has determined experimentally the effect of 
centrifugation on the agglutination of red cells by incomplete anti-Rh 
antibody [87]. He found that agglutination began at 4430 g and was 
complete at 17,750 g. Pollack calculated on theoretical grounds that 
spontaneous agglutination should take place at around 7340 g [88]. 
Allowing for the very considerable uncertainties inherent in the situation, 
this seems to be a remarkably close agreement between theory and 
practice. 

So far, we have been concerned mainly with the effect of reduction of 
surface charge on the zeta potential. It is evident that the adsorption of 
antibody to the red cell and enzyme treatment may both decrease the 
distance to which the cells will approach each other in suspension. It 
remains to be seen what is the effect of alteration in the ionic strength and 
dielectric constant of the medium. 

Since the zeta potential is inversely related to both these parameters, 
an Increase in either should enhance agglutination. However, it will be 
remembered that increasing the ionic strength of a medium adversely 
affects the primary stage of the reaction. The result is that any increase in 
the concentration of sodium chloride above 0-17 M so decreases the 
amount of antibody bound that any increase of agglutination due to 
lowering the zeta potential is nullified. 

The position with regard to alterations of dielectric constant is perhaps 
rather more clear-cut. Pollack et al. [86] have studied the effect of a 
number of polymers, Ficoll (a polysucrose), polyvinylpyrrollidone, and 
dextran (a glucose polymer), on the immunological agglutination of red 
cells. They were unable to find any evidence that the net surface 
charge was affected by these substances. Their effect on agglutination 
was, however, consistent with that on the dielectric constant and the zeta 
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potential. They also found that by keeping Z constant through altering 
and D together they did not alter the agglutinability of a suspension. 

The picture presented thus far is perhaps deceptively simple. 

_ For the moment at any rate it appears that in terms of zeta potential and 
intercellular distance Pollack has satisfactorily accounted for the inability 
of some antibodies to agglutinate and the effect of macromolecular 
substances on agglutination. 

The fact that Hummel working independently has come to rather 
different conclusions [89] is, however, in some ways unimportant, since 
both workers agree that it is the intercellular distance that determines 
whether agglutination will take place in given circumstances. Hummel 
holds that the layer of hydration surrounding a cell, and which he conceives 
as a continuous transition from ‘tightly bound’ to ‘freely mobile’ water 
molecules, determines this intercellular distance. Both the action of 
linear colloids, such as polyvinylpyrrollidone, and of enzymes is regarded 
in terms of reduction in the layer of hydration. In contrast to Pollack he 
has found that correlation between absolute surface charge and agglutina- 
bility does not always exist. For instance, horse red cells carry a higher 
charge than cattle cells, but are nevertheless more readily agglutinated 
both immunologically and non-immunologically [90]. It has also been 
observed that treatment with enzymes, though leading to the same residual 
charge on red cells, may or may not result in spontaneous agglutination [91]. 
Brooks et al. [92] even disagree with the fundamental assumption of 
Pollack et al. [86] that the dielectric constant is inversely related to the 
potential energy barrier between charged particles. 

Finally, it might be said that considerable importance should be 
attached to the formation of microvilli at the red-cell surface following the 
reaction between antibody and red-cell antigen. Such microvilli have been 
graphically demonstrated with the help of stereoscopic electron microscopy 
in the case of human red cells agglutinated by cold agglutinins [93]. The 
possibility that charge densities at the ends of microvilli could be suffi- 
ciently low to allow probes from one cell to approach within 5 A of those 
from another cell has now been envisaged [94]. However this may be, it is 
evident that we shall have to abandon old ideas about enzyme treatment 
unveiling hidden determinants near the cell surface. Instead it would 
seem that we must embrace new notions of charge interactions between 
cells and cell probes, and of the effect of these interactions on inter- 
cellular distances and the formation of bonds between cells. It is possibly 
at this level, where microvilli approach each other, that the precise 
orientation of an antibody molecule at a cell surface, stressed by Uhlen- 
bruck and Prokop [95], and indeed its location in relation to probe tip, 
could play an important part in determining whether a bond between two 
cells is formed. 


IV. ANTIGEN-ANTIBODY REACTIONS INVOLVING COMPLEMENT 


Antigen-antibody reactions in which complement takes part can be 
divided somewhat arbitrarily into three sections :— 

1. Those in which the fixation of complement by antigen-antibody com- 
plexes is detected by an indicator system, haemolytic or conglutinating. 
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2. Those in which the action of antibody and complement at the site of a 
cellular antigen is revealed by lysis, conglutination, phagocytosis, or 
derangement of a number of physiological functions, such as mobility, 
to a minor or major extent. 

3. Those in which the fixation of complement by an antigen—antibody 
complex is detected by the reaction with anti-complement antibody. 

Biological processes are so immensely varied that almost every attempt 
at classification can be shown to be imperfect. In the example above, for 
instance, conglutination occurs as an indicator system in (1), reappears 
under (2), and overlaps with (3) since immunoconglutinin (see /Jater) at 
least is antibody to certain components of complement. It is not possible, 
therefore, to adhere rigidly to the above classification in the description of 
a number of reactions involving complement that follows. 


A. Complement-fixation Test 


_ Whereas the conduct of agglutination and precipitation tests is rela- 
tively simple, that of the complement-fixation test is rather more com- 
plicated and usually gives the student of serology some difficulty. The 
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Fig. 50.—Diagram of a complement-fixation test. Either antigen or antibody must 
be present; the other reagent is then under test. 


inherent confusion lies in the fact that five separate reagents are involved 
some of them at critical concentrations, and the exact role that each has to 
play must be kept in the mind’s eye all the time. The reaction should be 
considered in two parts, the test and indicator systems, both competing 
for complement. The reaction is illustrated in Fig. 50, where the test 
system shown on the left may be regarded as consisting of a known antigen 
and an unknown serum that may or may not contain antibodies to that 
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antigen. Complement is added to this system and time allowed for union 
between antigen and antibody to occur and for complement to be adsorbed, 
i.e., for equilibrium to be established. If antibody was present complement 
will have been ‘fixed’; if it was absent complement will have remained free. 
The indicator system, consisting of red cells already ‘sensitized’ with 
homologous antibody, is now added. The cells will remain intact in the 
absence of free complement, i.e., if antibody was present in the test 
system, and will lyse in the presence of free complement, i.e., if antibody 
was absent in the test system. 

So far so good, but it is at this point that conceptual difficulties begin to 
arise, chiefly because we are unable to define complement, antigen, and 
antibody in absolute terms. It was pointed out in Chapter 5 that com- 
plement is most easily measured in terms of its ability to lyse sensitized red 
blood-cells. In the complement-fixation test, therefore, we have a situa- 
tion in which the indicator system not only detects the presence of com- 
plement in the test proper but is also used to define the units in which 
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Fig. 51.—Block complement-fixation test, or test to determine optimal antigen 
dilutions. 0, 100 per cent lysis (no fixation); tr, 95 per cent lysis; 1, 75 per cent 
lysis; 2, 50 per cent lysis; 3, 25 per cent lysis; 4, 0 per cent lysis (full fixation). 


complement is measured. The complexity does not end there, of course, 
since the amount of complement needed to lyse a given quantity of sensi- 
tized red cells (1 haemolytic unit) depends to some extent on the amount of 
antibody used to sensitize the red cells (see Chapter a 

Also in Chapter 5 it was shown that a chequerboard titration would 
reveal the smallest quantity of antibody that could be used to sensitize red 
cells, consistent with maximum sensitivity. 
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Since haemolysis by complement is only a special case of complement 
fixation, exactly the same principle of chequerboard titration can be 
applied to a test system to find out what concentration of antigen is most 
effective in fixing complement in the presence of minimal amounts of 
antibody. A typical titration of this sort is set out in Fig. 51,andamoment’s 
thought will show that the dilution of antigen providing the most sensitive 
indicator for the presence of antibody can be obtained from it. The 
resemblance of this titration to that shown in Chapter 5 for the titration of 
complement and sheep red-cell haemolysin is obvious; but here the sensi- 
tized red cells and complement have been added in measured doses to 
dilutions of test-system reagents. The line drawn through the points 
representing 50 per cent haemolysis makes it clear that at a dilution of 
1 in 256 the antigen is capable of fixing as much or even more complement 
than at any higher concentration when in the presence of minimum 
quantities of antibody. This, then, is the dilution of antigen chosen to be 
used in all subsequent tests and if we make the (unwarrantable) assump- 
tion that the quality of antibody does not change from serum to serum, 
then this will remain the most sensitive test that can be devised for a 
particular system. This method of arriving at the dose of antigen to be 
used in the complement-fixation test is rather confusingly, but correctly, 
known as an optimal proportions titration. 

Though the complement-fixation test has been described in terms of an 
unknown serum it is equally effective for the detection of antigen. The 
test is therefore extremely versatile and of wide applicability. Before the 
advent of such tests as passive agglutination, passive cutaneous anaphyl- 
axis, and immune adherence it was often the most sensitive serological tool 
available. It is capable of detecting as little as 0-1 yg. of antibody nitrogen. 
As the Wassermann reaction the test has been universally accepted for the 
serological diagnosis of syphilis, and subsequently for a wide range of 
bacterial, mycotic, and viral infections in the fields of both diagnosis and 
epidemiological research, as well as a tool in the field of serological 
research itself. The best general account of the biological factors that 
affect the satisfactory performance of the complement-fixation test is that 
given by Fulton [96]. 


B. Complement-fixation Inhibition Test 


It has already been noted in a variety of contexts that some antisera and/ 
or antibodies fix complement poorly or not at all. For example, chicken 
antisera, extremely useful though they are because of their high degree of 
specificity, suffer from the limitation that they fail to fix guinea-pig com- 
plement. An ingenious way of making use of the sensitivity of the 
complement-fixation test with such antisera has been devised [97]. This is 
the complement-fixation inhibition test, and it depends on the availability 
of another antiserum directed against the same antigen but capable of 
fixing complement. The test is conducted in three stages as opposed to the 
two of the haemolytic complement-fixation test. In the first stage chicken 
antiserum, say, is mixed with the antigen. In the second stage comple- 
ment-fixing antibody and complement are added. If the antigen present 
has already reacted with the chicken antiserum it is no longer available 
to fix complement in the second stage. In the third stage sensitized red 


ANTIGEN-ANTIBODY REACTIONS 223 


blood-cells are added. It will be noted that a positive reaction, i.e., one in 
which antibody is present in the chicken serum is indicated by lysis, the 
opposite of what happens in the direct complement-fixation reaction. 

As might be expected, conditions in the second stage of the reaction are 
fairly critical; an excess of complement-fixing antibody may displace the 
antibody that has already reacted with antigen, thereby giving rise to a false 
negative reaction. The situation tends to be aggravated because complexes 
formed in the presence of complement are stabilized by its adsorption. 


C. Conglutination 


In the past conglutination has often been used to describe the enhance- 
ment of immunological aggregation due to a variety of causes. Nowadays 
it is most convenient to use it in its original sense [98,99] of a com- 
ponent(s) of serum that strongly agglutinates complexes formed from 
antigen, antibody, and complement. 

The modern view is that conglutination may be effected by two quite 
distinct mediators, called ‘conglutinin’ and ‘immunoconglutinin’. Over 
the years the study of reactions involving these substances has been rather 
fitful; but more recently a continuing interest has been taken in the subject 
at the Cambridge School of Pathology and a number of illuminating 
monographs and review articles bears witness to the fact [100-104]. 

Conglutinin is a component of normal serum and as such has so far been 
found in the serum of ruminants only. It has a natural substrate in fixed 
complement, and presumably therefore takes part in a great many immune 
responses, though its role in defence against disease is still obscure. 
Chemically speaking, conglutinin is a euglobulin but with the high 
glycine content characteristic of many fibrous proteins. It has a molecular 
weight of 750,000 and the molecule is highly asymmetrical with an axial 
ratio of 1:10. The reaction between conglutinin and its substrates is 
strictly dependent on the presence of calcium ions, a fact which, together 
with its chemical composition, serves to distinguish it from antibody. 

The conglutination reaction is most easily understood in terms of the 
direct reaction. Sheep red blood-cells sensitized with sub-agglutinating 
doses of homologous antibody, as in the complement-fixation test, are 
reacted with sub-lytic doses of complement. Such ‘alexinated cells’ are 
agglutinable by bovine serum which contains conglutinin. The source of 
complement is of some importance since conglutinating and haemolytic 
titres vary considerably in different species of animal. For instance, fresh 
horse serum is almost devoid of haemolytic complement activity, but serves 
very well as a source of conglutinating complement. 

From what has just been said above it follows that the same com- 
ponents of complement are not equally involved in conglutination and 
haemolysis. Modern studies have revealed that conglutinin reacts with 
hidden determinants of the C 3 molecule [104]. To this extent the later- 
reacting components, from C 5 onwards, do not take part in the reaction. 
The nature of the determinant has been further defined in studies with the 
yeast cell-wall extract, zymosan, which also appears to be a substrate for 
conglutinin. In this case the reactive group appears to be a triman- 
nose [105]; but since N-acetyl-p-glucosamine also inhibits the conglutina- 
tion of alexinated cells it would seem that this amino-sugar must form part 
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of the reactive group. It is assumed that C 3 exposes this specific grouping 
when it becomes attached to an antigen-antibody complex. 

Immunoconglutinin, by contrast, is antibody produced in direct response 
to antigenic stimulation. It is not confined to any one species. By the 
relatively insensitive method of centrifugation and resuspension, usually 
used for the detection of conglutination, it is apparent that immuno- 
conglutinin also reacts with hidden determinants of the C 3 molecule. More 
sensitive techniques indicate that sites on C 4 are also implicated [104]. 
Immunoconglutinins may develop as a result of stimulation with hetero- 
logous or autologous complement. Only autologous complement can 
form the stimulus under natural conditions, of course; heterostimulation is 
effected by immunizing animals with bacteria sensitized with antibody and 
alexinated with complement from some other species. It has been found in 
practice that such antibodies (immunoconglutinin) tend to be IgG, 
whereas those resulting from autostimulation are usually IgM. Such 
distinctions may be more apparent than real and could be due to the 
relative ease with which agglutination can be demonstrated with IgM anti- 
body, or to different dosage levels of fixed complement under natural and 
experimental conditions. The analogy between immunoconglutinins and 
rheumatoid factor is very striking, both being autostimulated antibodies 
directed at components involved in the immune reactions themselves. 

The biological significance of immunoconglutinins in particular is 
bound to be a matter for considerable speculation. As antibodies they are 
directed against a component, albeit altered, of the host’s own tissues, and 
in this sense we have here an example of an auto-immune process (Chapter 
12) that may be carrying out a physiological role. This is a concept that 
has been explored by Grabar [106] and may have wide implications 
in our understanding of the evolution and meaning of immunological 
processes. The possibility that auto-antibodies exercise a homeostatic 
control over the body has indeed been envisaged by many authors. In a 
rather limited sense, i.e., protection against infection, immunocongluti- 
nins are the clearest, perhaps the only, example where such a role appears 
susceptible of proof in the near future. Some of the other possibilities of 
conglutinins and immunoconglutinins in the realms of protection against 
infection and amelioration of hypersensitivity states are discussed by 
Lachmann [104]. 


D. The Jerne Plaque Technique 


__In 1963 Jerne and Nordin [107] described an elegant technique for 
identifying and enumerating single antibody-forming cells which has 
proved to be highly adaptable and has since been widely used. A rabbit 
was inoculated with sheep erythrocytes and popliteal lymph-node cells 
were subsequently teased out in culture medium. The cells were then 
incubated In agar containing sheep erythrocytes for 1 hour, and at the end 
of this period complement was added. Those cells producing antibody to 
oor ae were idee by a clear area of agar, in which the 
erythrocytes had haemolysed. Such cells are kn : - i 
uaeca y own as ‘plaque-forming 
The original technique revealed cells producing 19S antibody. Sub- 
sequent modifications have made it possible to demonstrate cells producing 
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7S antibodies to erythrocytes. It is also possible to demonstrate cells 
producing antibodies to other antigens by using antigen-conjugated sheep 
erythrocytes in the detector system. The technical developments of this 
method are described by Dresser and Wortis [108]. 


V. CROSS-REACTIONS 


No consideration of antigen-antibody reactions could be complete 
without some attention being given to the way in which specificity, or the 
lack of it, is expressed in serological reactions as a whole. It is by a study 
of cross-reactions that we can arrive at some assessment of the specificity of 
serological reactions in the context of biological materials as well as in 
immunochemistry. These two aspects are somewhat opposed, since in 
biology we are more concerned with the origin and function of materials, 
while in immunochemistry we are dealing with composition, configuration, 
and modes of function. 

At first sight it would seem very simple to define a cross-reaction as a 
reaction in which an antibody produced in response to stimulation by one 
antigen reacts with another. (Exactly the same principles apply to cellular 
immunity. See Chapters 8 and 9.) Because one gets a cross-reaction 
between sheep red blood-cells and guinea-pig kidney, it is not necessary to 
abandon all ideas about specificity, since, as we know, the reaction 
between antigen and antibody is fundamentally one between determinant 
and antideterminant. Such a cross-reaction can therefore be entirely 
specific, and in this sense homologous. Indeed, Wiener and Wexler [109] 
go so far as to say that there is no such thing as a cross-reaction, and 
that all such reactions are simply the result of immunologically specific 
union. 

Having said this much, we are now in a position to consider how cross- 
reactions might arise. There are four possibilities :— 

1. The first of these has already been mentioned and concerns deter- 
minant structures that are found in antigenic material that comes from 
more than one source. Particularly where the biological source of the 
antigens appears very different, e.g., pneumococcal polysaccharide and 
human red-cell antigen, they are known as ‘heterophile antigens’. Cross- 
reactions involving such antigens do not imply any heterogeneity of anti- 
determinants; simply that configurationally identical determinants are to 
be found in diverse places. 

2. Secondly, the more complex antigens, such as whole cells, contain a 
whole variety of antigens, some of which may be group- or species-specific 
and others strain-specific. Relevant examples in the fields of bacteriology 
and blood-group serology have been given in Chapter 2, ANTIGENS. 

3. Thirdly, the antigenic stimulus may result in the production of a 
heterogeneous population of antibodies, each capable of reacting with its 
own specific determinant. 

4. Fourthly, even a homogeneous population of antibody molecules may 
react with determinants that are similar to those that gave rise to their 
production in the first place. Indeed, this would be the rule rather than the 
exception: that determinants sufficiently the same, configurationally 
speaking, could always be found that would react with any given antibody. 
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It is more convenient to examine the above possibilities in terms of the 
strength of cross-reactions met with in the practice of serology. On this 
basis we can divide cross-reactions into four categories: (a) No cross- 
reactions observed; (b) Cross-reactions weaker than homologous; (c) 
Cross-reactions as strong or stronger than homologous; (d) Hetero- 
logous reactions only. 


A. No Cross-reactions ; 
This situation sheds no light on the problems we are considering and is 
adequately dealt with under (4) above (p. 225). 


B. Cross-reactions Weaker than Homologous 


This is, of course, the usual situation, otherwise specificity would have 
no meaning. All the possibilities envisaged above would give rise to this 
type of reaction, of which the first, dealing with heterophile antigens, was 
adequately covered in Chapter 2. 

The second possibility dealing with the antigenic heterogeneity of cells 
also operates at molecular and submolecular levels. At the molecular level 
we need only take the example of immunoglobulins, which, apart from 
their antideterminant structures, carry Inv or Oz specificities on the light 
chains, and various Gm specificities on the heavy chains, as well as those 
specificities that serve to distinguish the different immunoglobulin classes 
from each other and divide light chains into two types. 

At the submolecular level the complexities of antigenic relationships in 
the fields of blood-group serology and bacterial antigens have given rise 
to two explanations. The first postulates that different parts of a defined 
chemical structure, possibly overlapping sometimes, can act as the 
determinant, and that one or other of these determinants may be found in 
other related structures (see Fig. 52) [110]. The second postulates that 
different facets of the same three-dimensional structure act as deter- 
minants, so that the same sequence of sugars, for instance, could give rise 
to more than one specificity, apart from any configurational diversity such 
as that due to alpha- or beta-glycosidic links. 

The third possibility envisages heterogeneity of combining sites due to 
inherent vagaries in the antibody-forming mechanisms of the host. All 
workers in fields of biology are familiar with the concept of a distribution 
about a mean. In the context of heterogeneity of antibody the ‘mean’ is 
represented by antibody with a specificity directed against the stimulating 
antigen; and deviations from the mean by antibodies with specificities 
directed against similar and therefore heterologous determinants. As 
Landsteiner put it, ‘antibodies formed in response to one determinant 
group are, though related, not entirely identical’ and ‘vary to some extent 
around a main pattern’ [111]. 

Finally, we can examine the situation where antibody is perfectly 
adapted to antigen, but is nevertheless able to react with determinants 
having slightly different configurations. No heterogeneity of antibody 
population is thereby implied, and in such circumstances one would 
expect that repeated absorptions with the heterologous antigen would 
ultimately abolish the homologous reaction as well as the heterologous 
one. However, even if the homologous reaction is only weakened we must 
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still assume that some antibodies capable of reacting with more than one 
determinant were present in the original antiserum. In an example 
quoted by Landsteiner [111] an antiserum to the pentapeptide glycyl- 
glycyl-leucyl-glycyl-glycine is shown as reacting strongly with the homo- 
logous hapten, but also with ten other peptides containing glycine. 
Absorption with the pentapeptide of glycine abolished virtually all the 
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Fig. 52.—Cross-reactions between heterologous antigens. I, Homologous 
antigen; determinants (overlapping) outlined. II, Heterologous antigen; same 
determinants as in I. II, Heterologous antigen; same determinants as in I. After 
Morgan [110]. 


cross-reactions. Explanations that one poorly adapted antibody, capable 
of reacting with all the glycine-containing peptides, had been absorbed out 
may have been adequate at one time. We would perhaps be more likely 
to think in terms of antideterminants specific for the mono- or dipeptide 
of glycine, i.e., specific for a smaller area of hapten and therefore less 
discriminatory, rather than the vaguer concept of “poorly adapted’. 
Summarizing we can say that there are three mechanisms by which 
cross-reactions weaker than the homologous one can arise. These are due 
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to: lack of absolute specificity, heterogeneity of antibody response, and 
heterogeneity of antigenic stimulus. It is perfectly possible, indeed, likely, 
that two or all three mechanisms are operative together in the same 


serological system. 


C. Cross-reactions as Strong or Stronger than Homologous Reactions 


Such reactions have been observed with a wide range of soluble antigens 
from complex molecules such as globulins to haptens of defined chemical 
structure. It is evident, in addition, that there is no bar to heterophile 
antigens giving rise to reactions as strong as the homologous one. Apart 
from this, reactions as strong as homologous ones could be visualized as 
arising occasionally by the same mechanisms as those in the previous 
category. More generally, however, and certainly in the case of stronger 
heterologous reactions, other explanations must be sought. 

Modern theories of antibody production regard it as a multi-stage 
process in which one stage is the breakdown of the antigen molecule. 
With large molecules, such as immunoglobulins, ‘hidden’ determinants 
are exposed by digestion and they may form the specific inducers that 
determine the specificity of the immune response. The existence of such 
‘hidden’ determinants is a simple matter of observation, since enzymatic- 
ally digested, immunologically denatured, and even ammonium-sulphate- 
precipitated globulins can be shown to possess antigenic determinants that 
were not present, or at any rate not serologically active, in the native 
configuration [112-114]. If, as is perfectly feasible, the hidden deter- 
minants of one globulin are the surface determinants of another, an 
antiserum produced in response to the former may well react as strongly or 
more strongly with the latter. This is, in fact, a simple variation on the 
theme of multiple determinants that was discussed in the previous category. 

Theoretically other possibilities exist. Acceptance that antigen performs 
some selective function during the process of antibody formation leads to 
the speculation that an occasional antigen would be unable to ‘find’ a cell 
that manufactures antibody of the correct specificity, but perhaps one that 
is only a fairly close approximation. Such an antibody might obviously 
react better with a ‘heterologous’ antigen. Once again this is a simple 
variation on a theme previously propounded, namely heterogeneity of 
antibody response. 

An alternative possibility arises from the theory of *subcomplemen- 
tarity’ [115], where more stress is laid on the digestion of antigen preceding 
antibody production. It is postulated that all antigenic determinants 
undergo some degree of structural alteration during this process. Antibody 
is produced that corresponds configurationally to the altered determinants, 
and when such antibody combines with the native determinant some degree 
of stress, and indeed configurational adaptation, is always involved. It is 
not impossible to visualize digestion of antigen proceeding to the point 
Where a corresponding antibody is no longer able to conform to the 
structure of the native antigen, or would at least conform more readily toa 
heterologous antigen. This would not be an attractive hypothesis but for 
the evidence of immunological denaturation, i.e., of configurational 
change and therefore stress, resulting from the union of antigen and 
antibody. 
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D. Heterologous Reactions only 


In the light of what has been said already it is obvious that if a host 
responds with the production of antibodies directed against hidden 
determinants, but not against surface determinants, then heterologous 
reactions without homologous ones will occur. The question is: Does the 
host ever respond in this way? It is not possible to answer such questions 
with certainty. 

On the one hand, we have an accumulated body of evidence that the 
serum of normal human beings [112,116] and of normal rabbits [117] 
contains antibodies to immunoglobulin fragments, 1.e., hidden deter- 
minants. If this is true it is interesting to speculate whether a physiological 
mechanism for accelerating the disposal of denatured immunoglobulin is 
being described. As far as the present problem is concerned, such normal 
animals are immunologically tolerant towards surface determinants of 
their own immunoglobulins. Therefore in this sense the distinction be- 
tween homologous and heterologous reactions does not arise. If they do 
produce antibodies against their own surface antigens then we immediately 
assume a pathological condition of the immune system, and indeed in such 
sera antibodies to both surface and hidden determinants occur together. 

On the other hand, we have evidence such as that provided many years 
ago by Hooker and Boyd [118], when they prepared an antiserum against 
the hapten-protein conjugate, arsanildiazogelatin. This antiserum failed 
to precipitate the homologous antigen, but precipitated arsanildiazo- 
albumin instead. It is not easy to reconcile this finding with concepts of 
hidden determinants, since even the intact molecule (gelatin) is a poor 
antigen. A possible alternative would be some fault in transcription after 
specific induction or selection by antigen had occurred. 

For the moment the only rational explanation of heterologous reactions 
stronger than the homologous ones that can be offered is that, by some 
idiosyncrasy of individual metabolism, no or little response is made to 
surface determinants, while the response to hidden determinants reaches 
higher levels. There is nothing inherently unlikely in such an idea since the 
response to a particular antigen or antigenic specificity is genetically deter- 
mined, and immense variation in response is seen in any outbred popula- 
tion of animals. 

It is clear from the foregoing discussion that, with the possible exception 
of the strongest heterologous reactions, no explanation other than the 
specificity of serological reactions needs to be invoked for cross-reactions. 
In other words, the immune response recognizes only physicochemical 
similarities, however diverse the biological source of materials. This being 
so, we can summarize by saying that cross-reactions can arise by three 
mechanisms :— 

1. Because they carry a number of different determinants, in the native 
configuration and ‘hidden’, macromolecules stimulate the production of a 
population of antibodies. This is an antigen-induced heterogeneity of 
response. 

2. Because the response to an antigenic stimulus 1s not uniform, 
individuals respond with a population of antibodies that vary about a 
‘mean’. This is a host-induced heterogeneity. 
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3. Because there is a limit to the resolving power or discriminating 
power of antibodies there must be some cross-reactions between antigens 
that present similar three-dimensional configurations. Discrimination 
may be affected by the size of the antideterminant, and this would con- 
stitute a host-induced heterogeneity of response. é, 

Generally speaking, under natural conditions all three mechanisms will 
be operative. It is this complexity that has led biologists to consider cross- 
reactions as being in some way non-specific. From a biological point of 
view this may often be so when serological reactions are being used to 
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Fig. 53.—Reciprocal and non-reciprocal cross-reactions. 


identify sources of material for instance. From the physicochemical point 
of view reactions are always ‘specific’; and from the immunochemical 
point of view there are limitations to the resolving power of serological 
reactions. 

In Fig. 53 are set out the various types of cross-reactions that could be 
encountered when two similar antigens are used to stimulate antibody 
production. 
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CHAPTER 7 


IMMEDIATE HYPERSENSITIVITY 


By E. R. GOLD AND D. B. PEACOCK 


I. Introduction 
If. Anaphylaxis 
III. Biochemical mediators 
IV. Passive cutaneous anaphylaxis 


V. Reagins 
Structure of reagins 


VI. Blocking antibodies 
VII. Anaphylatoxin 
VIII. Arthus reaction 
IX. Serum sickness 


X. Shwartzman reaction 


I. INTRODUCTION 


THE immune hypersensitivities have proved over the years to be among the 
most, perhaps the most, confusing subdivisions of immunology for the 
student. This is partly because it is difficult to find grounds, teleologically, 
for the appearance of immune reactions that are often harmful to the host 
even to the point of causing death: and partly because it has been unclear 
whether hypersensitivity was the consequence of pathological changes in 
the immune system or not, and whether the increased resistance to infec- 
tion noted in some hypersensitivity states is simply associated with or the 
direct result of it. Apart from this, there are two quite distinct kinds of 
hypersensitivity which arise through fundamentally different mechanisms. 
The so-called ‘immediate hypersensitivities’ are associated with circulating 


antibody; delayed hypersensitivity-type reactions are an expression of 
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‘cell-mediated’ or ‘cellular’ immunity. Delayed hypersensitivity will be 
dealt with separately in subsequent chapters, partly in order to reduce the 
confusion that results from dealing with two kinds of hypersensitivity 
together, but chiefly because the basic mechanisms are entirely different 
and this is therefore a logical division. 

The immediate hypersensitivities can themselves be divided into two 
categories: (1) Those in which antigen reacts with antibody situated at the 
cell surface; and (2) those in which antigen reacts with precipitating 
antibody. Under the first category would fall such conditions as anaphy- 
laxis, asthma, and hay fever; under the second, the Arthus reaction and 
serum sickness. 

Clinically a third category, of drug sensitivity, might be said to exist. 
In conditions such as sedormid purpura the drug behaves as a deter- 
minant when attached to cell surfaces, with a consequent production of 
antibodies and cellular destruction. In this case circulating antibody 
reacts with antigen situated at the cell surface and the condition is more 
analogous to an auto-immune disease (Chapter 12) than to immune 
hypersensitivity. Of course, drugs may also combine with body proteins 
after administration and, acting as antigenic determinants, give rise to 
immediate hypersensitivities of either category (1) or (2). It is also true to 
say that clinical syndromes rarely fall neatly into a single category, and 
that mixtures of the above, with or without elements of delayed hyper- 
sensitivity, and other elements of humoral immunity are the rule rather 
than the exception. Nevertheless, it is often possible to recognize predomi- 
nating features during the course of an immunological response, and it is 
helpful to make clear-cut distinctions between them. We shall therefore 
concern ourselves primarily with the classic experimental situations of 
anaphylaxis and Arthus reaction with occasional reference to clinical 
conditions in man. 


II. ANAPHYLAXIS 


The best-known, and in some ways the best-understood, hypersensitive 
response is anaphylaxis. It can be demonstrated by sensitizing an animal 
with suitably small single, or multiple, injections of antigen and sub- 
sequently challenging with a larger dose. In the guinea-pig 0-0001 ml. of 
horse serum may be sufficient to sensitize, and the animal may be re- 
sponsive in 10-21 days. A characteristically striking response is obtained 
within a few minutes of challenge. In severe cases there is gross dyspnoea, 
due to an acute contraction of bronchiolar musculature, which may 
terminate in death by suffocation. At post-mortem the lungs are markedly 
distended and bloodless. 

The discovery of anaphylaxis is generally attributed to Portier and 
Richet, in 1902 [1], but Bordet mentions [2] that as long ago as 1839 
Magendie had observed a similar sequence of events in rabbits injected 
with ovalbumin, and that later Flexner had also done so following the 
injection of whole serum. However, the systematic study of anaphylaxis 
was certainly initiated by Portier, who also coined the expression ‘ phylaxis’, 
meaning ‘protection’. 

The early immunologists were not unnaturally deeply concerned with 
the benefits deriving from the artificial induction of immunity to all manner 
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of materials, but particularly toxins and poisons. During a scientific 
expedition at sea Richet, who had already observed anaphylaxis in dogs, 
attempted to immunize dogs against a poison extracted from sea 
anemones. A dose of 0:1 g. per kg. of body-weight was sufficient to kill 
the animals. His attempts at immunization with sublethal doses far from 
increasing resistance actually led to the death of dogs given doses of toxin 
that were completely innocuous for previously untreated dogs. The fact 
that the anemone extract was a poison was really incidental and merely 
provided a dramatic backcloth to the experiments. The distinction between 
toxic and hypersensitive reactions is often of some practical importance, 
however, as, for instance, in the Schick and Dick tests for susceptibility to 
diphtheria and scarlet fever respectively, where toxic reactions to the test 
material must be distinguished from hypersensitive ones. A similar 
situation exists with respect to phototoxic and photo-allergic reactions. 

Although anaphylaxis has been widely studied for many years now, there 
are still extensive gaps in our understanding of these reactions and of the 
mechanisms through which shock is produced. Broadly speaking, it can 
be said that the initiating antigen-antibody reaction occurring at the 
surface of target cells leads to the release or activation of biochemical 
mediators that ultimately cause the contraction of smooth muscle in a 
susceptible shock organ, thereby inducing the typical picture of anaphylaxis 
in a particular animal species. 

The experimental approach to the study of the mechanism underlying 
anaphylactic shock has been of three kinds, systemic, local, and in vitro, 
each method yielding information on different aspects of the same basic 
event. The study of systemic anaphylaxis has led to a wider understanding 
of the role played by ‘primary target cells’, i.e., where antigen-antibody 
reactions occur, of the biochemical mediators released from the target 
cells, and of the susceptible host organ, ‘shock organ’, to such mediators. 
Local cutaneous and passive cutaneous anaphylaxis reactions lend them- 
selves particularly to quantitative studies of antigen-antibody interaction 
and have therefore illuminated the role played by antibody. Jn vitro 
techniques with isolated perfused organs or washed tissues have simplified 
the study of the pharmacological mediators. 

One of the first things to be noticed about anaphylactic shock is that it 
pursues a very different course in different animal species. These differ- 
ences are attributable to the organ principally affected in the species con- 
cerned. In the guinea-pig the shock organ is the lung, and more particularly 
the smooth muscle of the bronchioles. The immediate cause of contraction 
is of neuromuscular origin. If the animal dies after 5 minutes it is more 
likely to be due to oedema of the lung than to bronchiolar constriction. 
In the rabbit the most significant event is intermittent constriction of the 
branches of the pulmonary artery, and the animal dies in right-sided heart 
failure. Anaphylaxis in the rabbit is probably also associated with the 
deposition of antigen-antibody aggregates and platelet-leucocyte clumps 
in the lung capillaries. In a very general sense the lung is again the shock 
organ, but more particularly the musculature of the arterial walls, with 
platelets and leucocytes playing an undetermined role. In the dog a general 
dilatation of small blood-vessels is found. The organs most affected are 
kidney, spleen, and liver, with the liver occupying a central position in that 
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its exclusion from the general circulation renders the animal insusceptible 

to Shock. Otherwise a large volume of blood is ‘lost’ to the general 

“ep and the animal dies from ‘haemorrhage’ into its own vascular 
ed. 

The mouse is of some interest in that it was first thought to be highly 
resistant to anaphylactic shock. However, the resistance varies from strain 
to strain, being genetically determined, and must be due to the failure of 
some strains to produce the appropriate kind of antibody since they can be 
sensitized passively with sera from other animals. The mechanism operat- 
ing in non-fatal shock in the mouse seems to be one of general constriction 
of the vascular bed. In more severe cases this is followed by extreme 
dilatation of blood-vessels with a consequent fall in blood-pressure. At 
post-mortem the most striking features are congestion and haemorrhage of 
the stomach and intestines. These are therefore considered to be the shock 
organs. 

It should be evident by now that anaphylaxis presents very different 
clinical pictures in different species of animal. In each case, however, the 
vascular musculature appears to be heavily involved, although the organ is 
not always the same. The question must arise, therefore, how is this 
distinction maintained ? Is it perhaps that different biochemical (pharmaco- 
logical) mediators are produced in response to the initial stimulation? 
We do not know the answers to these questions, but we can now go on to 
consider those substances that play an active part in inducing shocking 
mechanisms. 


III. BIOCHEMICAL MEDIATORS 


Only four biochemically active agents are known with certainty to 
mediate anaphylaxis. These are histamine, serotonin (5-hydroxytrypt- 
amine), bradykinin (a decapeptide), and slow-reacting substance-anaphy- 
laxis (SRS-A). The interplay of these four factors, taken together with 
their local concentration, and the tissue susceptibility of the animal species 
concerned principally determines the various manifestations of anaphy- 
lactic shock that are seen. 

As we have seen, the shock organ in the guinea-pig is the lung. Its 
importance receives confirmation from the fact that localization of antigen 
in this organ has been observed repeatedly. For instance, Dixon and 
Warren noted the uptake of labelled antigen by the lung in anaphylactic 
guinea-pigs [3], and the amount taken up has been found to be propor- 
tional to the intensity of shock [4]. The mediator is histamine, as 
evidenced by an associated increase in blood histamine in anaphylactic 
shock, in the level of histamine in the perfusate of sensitized, isolated 
organs, and by the protection against systemic anaphylaxis afforded by 
antihistamine drugs. Acute anaphylaxis in the guinea-pig is also asso- 
ciated with a marked degranulation of mast cells in the lung. Taken in 
conjunction with the known content of histamine loosely bound to heparin 
in these granules, this is an additional piece of corroborative, though 
circumstantial, evidence. * 

If a relatively large amount of antigen is given to the sensitized guinea- 
pig by the subcutaneous or intraperitoneal routes, instead of a small 
amount intravenously, respiratory distress is often absent, but death 
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may still supervene after a period of hours. There is perhaps no con- 
vincing evidence that another of the mediators is responsible, but 
administration of SRS-A does cause some constriction of bronchiolar 
musculature [5]. 2 

The histamine content of guinea-pig lung varies considerably, from 
5 to 25 pg., contrasted with the sensitivity of the bronchiolar smooth 
muscle, expressed as the minimum effective dose, of 0-4 »g. Histamine 
content is also closely correlated with mast cell population in the guinea- 
pig lung, and in anaphylactic shock a decrease in the histamine content of 
lung tissue is associated with a simultaneous drop in the number of mast 
cells and degranulation of the remainder [6]. The mast cell would then 
appear to be the prime target cell in guinea-pig lung, and if this is so we 
must suppose that the antigen—antibody reaction takes place at the cell 
surface. In this case the requirements of local concentration of pharmaco- 
logical mediator and sensitive tissue are amply fulfilled. The sequence of 
events is none the less complicated, and Austen and Humphrey observe that 
‘the reaction of antigen with cell-fixed antibody releases an intracellular 
pro-enzyme that reacts with calcium to form a chymotrypsin-like enzyme; 
this in turn reacts with bound histamine, and releases it from the cell to 
produce the smooth-muscle contraction and vascular events that charac- 
terize acute shock’ [7]. 

The very great similarity between the effects resulting from the admini- 
stration of histamine to guinea-pigs and anaphylaxis in the same animal 
adds weight to the postulated role of mast cells in this immunological 
response. There are others, however, who hold that mast cells could be 
secondarily involved, following damage to other tissue cells by the antigen— 
antibody reaction, and, in addition, Benditt and Lagunoff conclude that 
‘histamine may only be a contributor to the phenomena of acute anaphy- 
laxis even in guinea-pigs’ [8]. Even so, the picture of systemic anaphylaxis 
is by no means as clear-cut in other animals, and, though mast cells and 
histamine can frequently be implicated, the action of antihistamines is 
not usually nearly as effective as it is in guinea-pigs. 

Systemic anaphylaxis in the rabbit is associated with circulatory collapse 
and dilatation of the right heart, brought about by mechanical obstruction 
it is thought, as well as by the action of pharmacological mediators. The 
mechanical effect of the eosinophilic clumps found in the lung capillaries 
could well be enhanced by the release of histamine and serotonin from 
trapped platelets. The release of SRS-A in vitro and of plasma kinin 
(bradykinin) in vivo have also both been observed in the rabbit [see 7], so 
that all four recognized mediators may be acting together in this host. 
Neither antihistamines nor previous serotonin depletion protect the animal 
against anaphylactic shock. 

Histamine, serotonin, and plasma kinin have all been implicated in the 
mouse at one time or another [7]. However, systemic anaphylaxis is not 
affected by antihistamines, while serotonin depletion has a marked effect. 
Nevertheless, the evidence is circumstantial at best, since neither method is 
specific in the sense that there are no side-effects. 

With the dog, we return to a simpler picture with histamine apparently 
playing the predominant role, though the lung is no longer the shock organ. 
Circulatory collapse with congestion and stasis of the abdominal organs 
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are the principal findings and are associated with a high content of hist- 
amine in the liver (8-110 .g. per g.). Dog liver also contains considerable 
amounts of serotonin, but it does not seem to be depleted during systemic 
anaphylaxis. The levels of plasma kinin in the blood do not correlate well 
with the degree of shock either. 

Acute anaphylaxis in man is characterized by severe respiratory distress, 
followed by circulatory collapse. Information on the pharmacological 
mediators is fragmentary. Histamine and slow-reacting substance have 
been released in vitro from the lung tissue of hypersensitive individuals by 
exposure to the appropriate antigen. The human bronchiole appears to be 
particularly susceptible to the action of SRS-A in vitro [9], but Austen 
believes that ‘extensive involvement of the upper respiratory region may be 
an important species characteristic’ in man [10]. 

Over the past few years a good deal of attention has been devoted to the 
study of pharmacological mediators. In spite of this, relatively little is 
known about their physiological activity ; and this is all the more surprising 
s a case of histamine which was found in animal tissues as long ago as 

10. 

The pharmacological action of histamine (8-imidazolylethylamine) is 
one of dilatation of capillaries, increase in permeability of venules, 
contraction or dilatation of arterioles, depending on the species of animal, 
and in general contraction of smooth muscle, though again with marked 
species variation. As we have seen, histamine reproduces many of the 
characteristic events in anaphylactic shock, notably the constriction of 
bronchioles and the dilatation of the vascular bed. The latter, together with 
increased vascular permeability, could account for the laryngeal oedema 
associated with anaphylactic reactions in man. Histamine is found as such 
in normal tissues, and in sensitized tissues before they are subjected to 
shock. Presumably it exerts some control over smooth muscle, though how 
such control is exercised is not understood at present. Mast cells can 
release histamine without undergoing disruption, indeed probably without 
degranulation as well, although the latter is often taken as indirect evidence 
of release. 

Serotonin has been found in platelets and chromaffinic cells; gut and 
brain contain the largest amounts. Among its pharmacological actions is 
stimulation of smooth muscle, though with a variable action on autonomic 
ganglia depending on dose. Gangliosides have been implicated as recep- 
tors for serotonin [11]. 

Of the plasma kinins only the decapeptide, bradykinin, has a known 
role as an active vasodilator and the capacity to increase vascular permea- 
bility and stimulate smooth muscle. Also known as kallidin-10, it occurs 
in the body as a pseudoglobulin precursor from which it is released by 
enzymatic action. 

Slow-reacting substance was originally obtained from isolated lung 
tissue by the action of the lecithinase A of cobra venom. It is probably an 
unsaturated fatty acid and seems to occur in a precursor form since it has 
not been detected in isolated sensitized tissues but does appear in the 
perfusate after the tissue has been shocked. Slow-reacting substance 
contracts guinea-pig ileum rather more slowly than does histamine; it also 
acts on rabbit jejunum and human bronchiolar muscle, and some other 
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vertebrate muscle tissues, but on the whole it is remarkably selective in its 
stimulation. ; : 

The role played by any one of these mediators in anaphylactic shock is 
partly determined by the species of animal and partly by the kind of tissue 
or cell investigated. The importance of local concentration as well as 
sensitivity of tissues is underlined by the very variable concentrations found 
in different animals and their response to particular mediators. For 
instance, the histamine content of mast cells in dog tissue is 7-16 PEE. 
while that of rat mast cells is 10-40 pyg.; but these relative amounts in no 
way reflect the relative sensitivities of dog and rat to shock. Similarly, 
Austen and Humphrey [7] compare serotonin and histamine contents of 
the lungs in cat, dog, rat, guinea-pig, rabbit, and man and find a positive 
correlation only with serotonin in the rat. Possibly even more remarkable 
is the situation in the guinea-pig, where there are large numbers of mast 
cells in the ileum, an organ which is highly sensitive to the action of 
histamine, and yet the ileum is not the shock organ, nor is there evidence 
of histamine release at the site during systemic anaphylaxis. 

So far we have listed four kinds of chemical mediators that are known to 
contribute to the general picture of anaphylactic shock. In very few 
instances, if any, can we be satisfied that a single one or any combination 
of these substances allows a complete explanation of all the phenomena we 
observe in an animal. The organs, tissues, and even cell types we have 
been considering are usually capable of releasing more than one of these 
mediators, and possibly other pharmacologically active substances as well. 
The participation of the latter in anaphylactic reactions has been suggested 
from time to time. Some of them, e.g., acetylcholine, are no longer 
regarded as mediators. The role of others, such as heparin which is 
frequently released with histamine from mast cells, is accepted by some 
authors [12] but not by others [7]. There certainly remain other mediators 
Hetepreedins' and possibly the role of some known agents to be 
defined. 

To sum up, we have the situation where anaphylaxis is often expressed 
in different ways in different animals. In some cases this may be due to the 
production of mediators in different concentrations, in other cases to the 
different susceptibility of those organs exposed to their action. It is 
remarkable, too, that extensive similarities at the molecular level can be 
found between tissues as different as unstriated molluscan muscle and 
striated vertebrate muscle [13]. At the other extreme in anaphylaxis we 
can see smooth muscle from different sites in the same animal reacting 
quite differently to the same stimulus, e.g., SRS-A produces contraction of 
the ileum but not of the bronchiole of the guinea-pig. It remains a task for 
the future to determine the molecular basis for such fine distinctions. 


IV. Passtve CUTANEOUS ANAPHYLAXIS 


_ Passive cutaneous anaphylaxis (PCA) is a local form of experimental 
immediate hypersensitivity. It provides a simplified model in which this 
type of reaction can be studied, and because of its great sensitivity in 
detecting antibody it has also been widely used in the examination of more 
basic problems of immunology. The test has been comprehensively 
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reviewed by Ovary [14]. It has a counterpart in man: the Prausnitz- 
Kistner reaction. 

The PCA is performed by injecting antiserum into the skin of an animal, 
usually the guinea-pig; after a few hours antigen is injected intravenously, 
and at the same time as or just after the injection of a dye such as Evans 
blue. During the time after injecting the antiserum, antibody becomes 
fixed to cells at the injection site, and when antigen is injected subsequently 
it reacts with the ‘fixed’ antibody to release pharmacologically active 
agents that increase vascular dilatation and permeability. The injected dye 
escapes from the blood-vessels at the site to stain the reaction site and 
render it more visible and measurable quantitatively. In man there is a 
characteristic weal and flare reaction at the injection site of antibody 
which is readily visible without the addition of dye. 

It is evident that skin fixation depends on complementary sites being 
present on cells situated in skin and on reactive antibody, and the PCA 
reaction can take place only if both are present. One of the most confusing 
aspects of immediate hypersensitivity has been that, though passive transfer 
of hypersensitivity works perfectly conventionally within the species 
boundary, it is also possible to elicit hypersensitive reactions in hetero- 
logous species in the absence of such reactions in the donor animal, ie., 
when the donor is not hypersensitive itself. Certain combinations are 
extremely sensitive in this respect, e.g., PCA reactions can be elicited in 
guinea-pig skin with as little as 0-003 ug. of antibody nitrogen of rabbit 
antibody. It is this kind of quantitative approach that has led to the 
recognition that reagins (antibodies causing hypersensitivity in the 
homologous species) are not necessarily involved when the species barrier 
is crossed. 

In certain experimental situations it is sometimes convenient to change 
the way in which antigen and antibody are administered. In the particular 
situation where immunoglobulins are being studied antigenically the 
sensitivity of the PCA reaction can be used by taking advantage of the fact 
that the antigen (immunoglobulin) from a heterologous species will 
attach to guinea-pig skin. Anti-immunoglobulin is then injected intra- 
venously after a suitable time interval. This is the so-called ‘reverse 
passive cutaneous anaphylaxis’ (RPCA) reaction. It has also been used to 
determine that the skin-fixing site on sensitizing antibody is on the Fe 
fragment of the molecule. 


V. REAGINS 


In man skin-sensitizing antibodies have been called ‘reagins’. Because 
such antibodies are associated with immediate hypersensitivity-type 
reactions, we shall use ‘reagins’ as a generic term for all antibodies, in all 
species of animal, that give rise to hypersensitivity reactions in the homo- 
logous species. 

The subject of reagins in man was informatively reviewed by Stanworth 
in 1963 [15], at which time he was constrained to say that ‘reagin still 
represents a nebulous concept to many immunologists, some doubting the 
legitimacy of its classification as an antibody’. Happily there are few who 
still find themselves in this dilemma, since the work of Ovary, Benacerraf, 
and Bloch [16] and of White, Jenkins, and Wilkinson [17] identified 
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y,-immunoglobulin of guinea-pigs with the initiation of hypersensitivity 
reactions. In the field of human reagins the work of Bennich and Johan- 
sson and of Ishizaka and his colleagues culminated in the adoption of IgE 
as the name of a new class of immunoglobulin (see p. 117), which Ishizaka 
and his colleagues had shown was associated with reaginic activity in 
man [18]. 

vit i. characterization of anaphylactic-type antibodies in man and 
guinea-pig a great many puzzling features of immediate hypersensitivity 
reactions will fall into place, and a great many more avenues be opened 
to systematic investigation. Indeed, the importance of these advances in 
knowledge to this field of study cannot be overestimated. To mention Just 
one example: in order to advance our understanding of the mechanisms 
of hypersensitivity an in vitro method of assaying human reagins was a 
paramount necessity [15], and eventually a rather complex but reasonably 
accurate method was devised [19]. Now, with the designation of immuno- 
globulin classes already applied to the immunoglobulins responsible for 
these reactions it is simply a matter of applying some quantitative precipi- 
tation technique using antisera to y, and IgE respectively. 

The properties of these two immunoglobulins are rather different, apart 
from any difference in antigenic structure that they may show, and it is 
obviously of interest to compare them and the kind of hypersensitivity 
responses for which they are responsible. 

The immunoglobulin pattern in the guinea-pig is rather different from 
that in man and approaches much more closely that of the mouse (see 
Chapter 3). The immunoglobulin y, has the same sedimentation coefficient 
(7S) but a higher electrophoretic mobility than y,. It is present in guinea- 
pig (and mouse) serum at a lower concentration than y,, but is nevertheless 
much more abundant than the IgE of human serum. Anaphylactic-type 
antibodies in the mouse and guinea-pig also require a relatively short time 
in which to fix to, or sensitize, tissues: for the PCA reaction this is | hour in 
the mouse and 3-5 hours in the guinea-pig. It should be remembered that 
these antibodies are species restricted, i.e., they do not sensitize tissues 
outside their own species. In parallel with the speed of sensitization the 
duration of the reaction is comparatively short: greatly reduced reactions 
are obtained at 24 hours in the mouse, and at 48 hours in the guinea-pig, 
following passive sensitization [20]. 

In contrast to the above pattern, human-type reaginic antibodies are 
found in the rat, rabbit, and dog, as well as in man, of course. They have 
not as yet been characterized as IgE, but in general their biological 
properties appear similar. ‘ 

_In the first place, the ordinary soluble antigens do not give rise to high 
titres of anaphylactic antibody, even with the help of adjuvants; PCA titres 
above 50 are only rarely seen [21]. In the rat peak titres are reached on the 
twelfth day after stimulation and antibody is not detectable after 30 
days [22]. 

PCA reactions in the rat, obtained with rat antibody, attain their 
maximum 16-72 hours after sensitization, and may be elicited for a further 
30 days. Other species in this group are probably comparable. The 
length of time over which reactions can be elicited after passive sensitization 
is an indication of the durability of this union. 
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The distinction between human- or IgE-type reagins and y, antibodies 
can.thus be made on biological grounds in that the former are usually 
present only in low titre, require a relatively long period for fixation to 
target cells, and effect a relatively long period of sensitization once fixed. 

Our understanding of these distinctive roles was severely hampered in 
the past by the tacit assumption that since immediate hypersensitivity 
could be transferred passively by serum the same class of immunoglobulin 
initiated the hypersensitive response in both donor and recipient. This is 
indeed so with the transfer of isologous antibody, i.e., within a species; but 
between species the situation is different, and passive cutaneous anaphy- 
laxis reactions can often be elicited, for instance in the guinea-pig, with 
y, and IgG antibodies [23]. We are faced, therefore, with a paradoxical 
situation in which reactive sites for target cells within a species are found 
on immunoglobulins of a certain class, but when immunoglobulins from 
another species are used to induce sensitization, these neither belong to 
the same immunoglobulin class nor induce hypersensitivity in the donor. 
How, or why, they should carry specific sites of attachment for cell 
receptors in a heterologous species remains a mystery for the moment. 


Structure of Reagins 


Now that reaginic activity has been definitely associated with certain 
immunoglobulin classes with molecular weights of around 160,000, it 
should be assumed that they are built on the same general principles as 
other similar immunoglobulins until proved otherwise. We already know 
enough of their structure to render this hypothesis likely (see Chapter 3), 
and we can therefore postulate that each molecule contains two combining 
sites for antigen. There is, however, no direct evidence of this. What 
information we have that bears directly on this issue comes from PCA 
reactions employing heterologous systems. 

As we have seen in earlier chapters, antibodies can be broken down and 
hybrid molecules reconstituted that carry combining sites of different 
specificities. These are truly univalent antibodies with respect to one 
specificity and can be used to sensitize tissues in the PCA reaction [14]. 
On the other hand, removal of the Fc fragment but leaving the combining 
sites intact destroys reaginic activity. It would seem, therefore, that 
fixation to tissues but not divalent antibody is necessary for sensitization. 
Monovalent hapten, on the other hand, is not adequate to produce a PCA 
reaction [14], so we must conclude that either both valencies of one 
antibody molecule or the formation of an antigen bridge between two 
molecules are needed to set off the release of pharmacological mediators 
under these conditions. 


VI. BLOCKING ANTIBODIES 


Hypersensitivity to a particular antigen can be abolished in laboratory 
animals by the rather simple expedient of passive sensitization to another 
antigen. Time has to be allowed for the transferred antibody to supplant 
reagin already fixed to tissue cells, and this time will vary according to the 
animal species and firmness of union. Heterologous and isologous 
immunoglobulin can be used. 
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There are a number of reasons why such methods should not be 
employed to treat patients with troublesome hypersensitivities such as hay 
fever, asthma, etc. First, there is the danger of introducing a new hyper- 
sensitivity; second, the limited duration of the protection afforded ; third, 
the relative ineffectiveness of subsequent passive transfer, especially when 
heterologous serum was used, due to an accelerated secondary response by 
the patient against the injected serum; fourth, the dangers associated with 
the introduction of foreign protein into individuals who already show a 
propensity to develop hypersensitivity to foreign protein. _ 

The only real alternative to such methods is practised quite widely and 
consists of the gradual desensitization of an individual with very small 
doses of antigen, in order to avoid untoward results, and then the build up 
of immunoglobulins of other classes with the repeated injection of antigen. 
Natural experience of the antigen will then be met with a humoral barrier 
of specific antibody. The chief drawback from an immunological point of 
view is that the active immunity induced is short-lived, and protective levels 
of antibody subside usually within a month or two. It is evident that 
passive immunity could be operated in this manner, too, but the same 
objections to the use of heterologous sera in such subjects apply here as 
above. 


VII. ANAPHYLATOXIN 


Over fifty years ago it was first noted that the addition of immune 
precipitates to serum led to the production of substances that would 
induce shock, so-called ‘anaphylactoid’ shock, in susceptible animals such 
as guinea-pigs. The term ‘anaphylatoxin’ was coined to describe this 
property of serum and as the years went by additional ways of inducing its 
formation were discovered. Early on it was found that the incubation of 
kaolin with normal serum had the same effect, and then that this property 
was shared by agar, inulin, talc, starch, and barium sulphate. Other 
polysaccharides added to the list in later years are dextran and zymosan. 

It is not necessary to suppose that the pathway leading to the formation 
of anaphylatoxin is exactly the same in each of the above cases. However, 
Dias da Silva, Eisele, and Lepow conclude that complement is un- 
doubtedly involved in the formation of anaphylatoxin [24], and that it is 
probably the product of interaction between C | esterase, C4, C2, and 
C3. Cochrane and Miiller-Eberhard believe that anaphylatoxin is not 
one substance but two, derived from the third and fifth components of 
complement respectively [25]. 

At all events, whatever its nature, the liberation of anaphylatoxin leads 
to the release of histamine with its usual accompaniment of mast-cell 
degranulation. It must be concluded that anaphylatoxin is an initiator, 
rather than a mediator, of anaphylactoid shock. As such, it plays a part 
more nearly analogous to reagin than to the pharmacological mediators. 

Broder, Baumal, and Keystone [26] have devised methods of distin- 
guishing between a number of those macromolecular substances, such as 
aggregated immunoglobulin, anti-immunoglobulin, soluble antigen— 
antibody complexes, Forssman, and other heterophile antibodies, as well 
as anaphylatoxin itself, that are known to induce shock. A number of 
these are also known to fix complement, but it is conceivable that others 
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like the heterophile antibodies could react directly with antigens of the 
cell; surfaces and so initiate shock by direct action, in the manner of 
reagins. 

There are evidently many paths leading to the release of pharmacological 
mediators, just as there are many mediators that induce shock. As we shall 
see below, complement and anaphylatoxin are not implicated at all in the 
immediate hypersensitivities of the Arthus reaction and serum sickness. 
However, with the increasing availability of defined complement com- 
ponents, as well as of animal strains deficient in defined components, 


many of the obscurities associated with anaphylactoid shock could soon 
be clarified. 


VII. ARTHUS REACTION 


As originally described, the Arthus reaction consists of tissue injury 
occurring at the site of antigen inoculation following repeated administra- 
tions of the same antigen [27]. Actually it is seen in its simplest form with- 
out a number of complicating factors as the passive Arthus reaction, when 
antibody is injected intravenously and antigen locally under the skin. The 
tissue injury is initiated by the formation of antigen-antibody complexes, 
with a subsequent alteration in vascular permeability followed by a 
characteristic infiltration of the inoculation site with polymorphonuclear 
leucocytes during the first 24 hours. This is then followed by a less dense 
infiltration of mononuclear cells—a reaction more in keeping with the 
delayed hypersensitivity type of reaction, which has led to the suggestion 
that the Arthus reaction is a mixture of immediate and delayed hyper- 
sensitivity responses. 

What is certain is that, in the Arthus reaction, precipitating antibody, 
rather than reaginic-type antibody, is required. This distinguishes sharply 
the Arthus reaction from anaphylaxis. 


IX. SERUM SICKNESS 


Chiefly noted in man in connexion with immune serum therapy, serum 
sickness has also been widely studied as an experimental disease in 
laboratory animals [28]. 

In the unsensitized patient serum sickness usually comes on 8-12 days 
after the injection of a large dose of heterologous (e.g., horse) serum. The 
manifestations may include a rise in temperature, itching, skin rashes, and 
joint pains. In the experimental situation it is fairly clear that we are deal- 
ing with a kind of systemic Arthus reaction in which pharmacological 
mediators are released as a result of combination of humoral antibody with 
antigen, with the formation of soluble antigen-antibody complexes in the 
region of slight antigen excess. Recent investigations suggest that only 
complexes with sedimentation constants greater than 19.S undergo vascular 
localization [29]. Attachment to the endothelium of blood-vessels with 
associated release of pharmacological mediators from trapped platelets 
would seem to initiate the mechanism of tissue damage, a situation that is 
strikingly reminiscent of anaphylaxis in the rabbit. It is also reminiscent 
of the formation of anaphylatoxin, but Cochrane and Hawkins could find 
no evidence that complement was involved in the localization of complexes 
in the glomeruli of guinea-pigs [29]. 
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The study of serum sickness in man has on the whole been less rewarding, 
since the situation is nearly always much more confused than in the 
experimental animal. In the first place, the injection of whole serum has 
usually been the starting-point, and with the multiplicity of antigens that 
that represents it is no wonder that investigators have found it impossible 
to identify the particular stimulus that leads to the hypersensitive response. 

It is sometimes a source of confusion that an immediate hypersensitivity 
reaction does not occur until after a week has elapsed. The explanation is, 
of course, that time has to be allowed for antibody production to get under 
way. In some instances a second injection will induce a truly immediate 
reaction with preformed antibody; a circumstance that must not be con- 
fused with anaphylactic shock in an individual who is hypersensitive or 
‘allergic’ to, for instance, horse dander. 


X. SHWARTZMAN REACTION 


The characteristic lesion of the Shwartzman reaction (SR) is haemor- 
rhagic necrosis of certain organs following two suitably placed and spaced 
injections of endotoxin. Among laboratory animals the rabbit is uniquely 
susceptible to the generalized form of the SR. The local SR is obtained if a 
rabbit is inoculated intradermally with a small dose of endotoxin and 
challenged 24 hours later with an intravenous dose of the same prepara- 
tion. Petechial haemorrhages appear at the site of primary inoculation 
within a few hours of challenge, rapidly coalesce, and progress to complete 
necrosis within a further 24 hours. The interval of time between so-called 
preparative and provocative doses is fairly critical with outside limits of 
around 6 and 48 hours. The generalized SR is elicited if both doses are 
given intravenously; it is characterized macroscopically by bilateral, 
haemorrhagic, cortical necrosis of the kidneys. Histologically the two 
reactions present quite distinct features: cellular thrombi with enmeshed 
leucocytes and platelets are found in the small vessels of the dermis, while 
thrombi consisting almost entirely of fibrin occlude the glomerular 
capillaries. 

On the face of it, immunological mechanisms would appear to have 
little to do with these reactions. There is evidently no time for antibody to 
attain significant levels before the acute reaction is virtually completed. 
We shall see, however, that antigen-antibody complexes can play a part in 
initiating the reactions, and, in the case of endotoxins derived from 
enterobacteria, it is difficult to exclude the possibility of pre-immunization 
in animals living under normal conditions. Apparently still more con- 
clusive is the fact that preparative and provocative agents do not have to be 
antigenically related, or even antigens at all. 

The preparative agent must nevertheless fulfil certain well-defined 
criteria. First of these is that it must be able, in the local SR, to cause a 
local accumulation of granulocytes. While endotoxin is capable of doing 
this, a number of other substances are just as effective: for instance, 
almost any antigen-antibody reaction, so that ‘preparers’ include tuber- 
culin in the sensitized animal, and other antigens to which circulating 
antibody is present. The actual mechanism by which endotoxin prepares a 
site 1s difficult to define, and since endotoxin from the same organism need 
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not necessarily be used for both inoculations, the non-specific element in 
these reactions is again underlined. However, our knowledge of the 
composition and antigenicity of endotoxins is fragmentary, so that lack of 
immunological specificity in this case could be more apparent than real. 

The significance of leucocyte accumulations at prepared sites is that 
lysosomal acid hydrolases are released locally with resultant damage to the 
walls of small vessels. Later leucocyte—platelet—fibrin deposits are formed 
in these vessels under the influence of the provocative agent. Such deposits 
are characteristic of local but not general reactions. The importance of 
lysosomal enzymes is clearly seen from the fact that isolated leucocyte 
granules also behave as preparers, and that a number of inhibitors of 
proteolytic enzymes abort the local reaction. Similarly depletion of 
circulating polymorphonuclear leucocytes by X-irradiation or nitrogen 
mustard prevents local preparation. Inflammation produced by trauma or 
chemical irritants does not, however, prepare dermal sites for the SR, so 
factors other than local accumulation of granulocytes must also be 
involved. 

With regard to the generalized SR the position is less well understood, 
and superficial resemblances to the local reaction SR do not bear detailed 
examination. Thus, although haemorrhagic necrosis occurs in both skin 
and kidney due to vascular occlusion, the thrombotic plugs in the latter 
consist almost entirely of fibrin; they also take several hours to develop 
after challenge compared with the 15-20 minutes required for the more 
cellular thrombi of the local SR. There is, in fact, no evidence of leucocytic 
accumulation in the kidney and reasons why this organ should be par- 
ticularly affected must be looked for elsewhere. A possible clue to the way 
in which endotoxin acts as a provoking agent in the systemic reaction lies 
in the known capacity of blockading agents of the reticulo-endothelial 
system (RES), such as thorotrast, to perform the same function. Although, 
as mentioned elsewhere, endotoxins are known to enhance the antibody 
response by stimulating the RES, their initial effect is to depress the 
system, and, as we shall see later, malfunction of the RES is one of the 
factors leading to the appearance of Shwartzman reactions. It is possible, 
too, that a transient effect of this kind by the preparative dose is partly 
responsible for the critical levels of preparative and provocative doses, and 
of their temporal relationships. Only under special circumstances will a 
single dose of endotoxin suffice to provoke a reaction. 

Classically, endotoxins of enterobacteria have been used for preparation 
and provocation in both local and general Shwartzman reactions. But the 
range of provocative agents in local reactions is very much wider than this. 
Substances as diverse as starch, agar, glycogen, kaolin, and antigen— 
antibody complexes also serve. There may, of course, be antibodies 
present in ‘normal’ serum to some agents, e.g., endotoxin, glycogen, but 
in other cases the possibility that they are acting as haptens, even to cross- 
reacting antibody, seems rather remote. The agents listed all have one 
property in common, however, and that is that they all promote intra- 
vascular clotting. 

What, then, is the sequence of events following challenge which leads 
to the development of the SR? According to Hjort and Rapaport [30] 
it is as follows: first, fibrin or semiclotted fibrinogen must be formed 
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intravascularly; second, this material must be deposited within small 
blood-vessels; and third, there must be failure of fibrinolysis. 

In the local reaction accumulation of leucocytes in damaged vessels 
probably results in the liberation of acid mucopolysaccharides which 
precipitate the partly clotted fibrinogen. Induction of granulocytopenia 
thus inhibits both stages of the reaction. In the generalized reaction 
coagulation has to be more extensive, and possibly for this reason kaolin 
and starch are not effective as provocative agents, though antigen-antibody 
complexes are. In the local reaction occlusion of vessels leads to hypoxia 
of the tissues and lactic acid liberated by leucocytes cannot be removed [31]. 
This is probably sufficient to account for haemorrhagic necrosis. In the 
general reaction granulocytes are still necessary, probably again for 
liberating fibrinogen precipitants, even though there are no detectable local 
accumulations in affected organs. Deposition of fibrinoid material could 
be due to the combined action of the above and other factors, such as 
(1) depression of the RES, (2) diminished blood-flow, and (3) lack of 
fibrinolysis. 

The effect of endotoxin and non-specific blockade on the RES is to 
diminish markedly the rate at which fibrin is cleared from the blood- 
stream. According to Lee and Stetson [31], this action of endotoxin 
combined with its ability to initiate a ‘sustained low-grade intravascular 
coagulation’ are the central events in the generalized SR. The remarkable 
susceptibility of the kidney is the direct result of retention of micro- 
thrombi in the glomeruli, apparently due to a filtration effect as indicated 
by the protection afforded a kidney by occlusion of its ureter [32]. 

The importance of diminished blood-flow is derived mainly from 
indirect evidence, including observations that vasodilators and sympa- 
thetic denervation of the renal artery protect the kidney. However, 
such actions might also be effective by altering glomerular filtration 
pressures [32]. 

The protective action of fibrinolysins has been mentioned previously, 
but it is of interest that pregnancy enhances the effect of endotoxin, 
probably because of a concomitant decrease in fibrinolytic activity in the 
serum. 

Normally a subtle interplay of all the factors mentioned above is 
decisive in inducing a Shwartzman reaction, but if one of them is very 
potent it may suffice by itself. For instance, the condition can be mimicked 
by a single dose of thrombin injected into the renal artery; otherwise, if 
clotting is less severe, then one or more of the other factors are necessary. 

_It is strange that, although so much experimental work has been done 
since the local Shwartzman reaction was first described in 1937, its 
mechanism is still so imperfectly understood. Osler [33] has written that 
‘It is, at least in part, a tissue response mediated by an immune event in 
which the antigen has potent primary toxicity’. On the other hand, 
Wilson and Miles [12] hold that, just as non-specific non-immunological 
resistance exists, so the SR is an example of the converse, i.€., a non- 
specific increase in sensitivity. The same view is taken by Hjort and 
Rapaport [30], who consider the local SR to be ‘the product of a specific 
train of pathogenetic mechanisms set in motion by a variety of aetiologic 
factors’, and by Chase [34], who states that ‘it is not an antigen-antibody 
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reaction’. Nevertheless antigen-antibody complexes do function in 
appropriate circumstances as preparative or provocative agents, and 
Stetson [35] remarks that it is possible to elicit ‘both these phenomena’ 
(i.e., local and generalized SR) with other antigens [i.e., other than endo- 
toxins] in suitably sensitized or immunized animals’. 

As Hjort and Rapaport [30] point out, some of the confusion has arisen 
from the fact that endotoxin shock is not always distinguished from the 
Shwartzman reaction proper. The former probably requires the presence 
of antibody, since mice reared in a germ-free environment lack the suscep- 
tibility of normally reared animals to endotoxin. After exposure to 
enterobacterial infections they quickly become sensitive to its lethal effect. 
Conversely, the lack of dependence of the SR on antigen—antibody 
reaction is probably illustrated in the case of a patient with congenital 
‘agamma-globulinaemia’ who died with generalized SR and cortical renal 
necrosis. 

It must be admitted, though, that many similarities exist between 
endotoxic and anaphylactic shock, and that in the SR there is localization 
of macromolecules in the glomeruli, as is the case in a number of condi- 
tions where antigen-antibody complexes are formed in the circulation. 

Because of its remarkable susceptibility, the rabbit has been almost 
exclusively used for the study of the generalized Shwartzman reaction. 
Other laboratory animals and man appear to be much more resistant, 
though they may be predisposed, e.g., by pregnancy, to overt reactions. 
In man, enterobacteriaemia is accompanied by endotoxin shock, but 
elements of the SR such as intravascular clotting may also be present, 
leading to a haemorrhagic diathesis secondary to thrombocytopenia and 
consumption of clotting factors. In addition, necrosis to a variable degree, 
chiefly of the kidneys and adrenals, may occur as well. However, the main 
and sometimes lethal effect is due to endotoxin shock. 

Finally, perhaps we should conclude that Shwartzman reactions are not 
hypersensitive responses in the immunological sense, even though com- 
plexes of immunological origin are among the substances that initiate 
them; that the two kinds of Shwartzman reaction have superficial resem- 
blances in that their initiating mechanisms and gross lesions are very 
similar, but that their pathogenesis is rather different; and that they differ 
from the immune hypersensitivities in that immune reactions are incidental 
rather than central to Shwartzman reactions. 
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I. INTRODUCTION 


THE term ‘cell-mediated immunity’ refers to that large group of specific 
immune reactions which can occur in the absence of demonstrable circu- 
lating antibodies. These immune states can be transferred to suitable 
neutral recipients by the transfer of cells alone, i.e., without plasma or 


serum, and in fact cannot be transferred by means of serum. Skin-delayed 


hypersensitivity is an important hallmark of this group of phenomena 


which includes immunity to certain micro-organisms and chemicals, allo- 
raft or tumour _ rejection articularly ‘first-set’), graft-versus-host 
reactions, and the animal experimental allergic diseases. 


An obviously attractive way in which to try to gain insight into the 
mechanisms underlying these processes of cell-mediated immunity is to 
put the cells capable of transferring such states into culture tubes and to 
study their behaviour under controlled conditions particularly vis-a-vis 
their suspected complementary antigens, and it is with studies of this sort 
that the present chapter is concerned. Although in these studies the aim 
may have been primarily to study in vitro the reactions of the cells involved 
in immune reactions which are antibody-independent in vivo, evidence is 
accumulating of the production by such cells in vitro of gamma-globulins, 
soluble ‘transfer factors’, and ote even Ramerianged ies. en 
experiments designed primarily to study the production of humoral anti- 
bodies by cells in vitro are dealt with elsewhere (Chapter 4). 

What cells are capable of transferring reactions of cell-mediated im- 
munity from one animal to another and thus might qualify for in vitro 
study as the carriers or agents of this immunity? Effective transfer of 
delayed hypersensitivity (DH) was first achieved in 1942 when Landsteiner 
and Chase used peritoneal exudate cells (of which two-thirds are monocytes/ 
macrophages) to transfer DH to picryl chloride from sensitized to normal 
guinea-pigs [1]. Thereafter the transfer of tuberculin sensitivity was 
achieved using peritoneal exudate, lymph-node, spleen, or blood leuco- 
cytes. Lymph-node cells were found capable of transferring the capacity to 
reject tumours or allografts at an accelerated rate; thoracic duct cells 
(consisting of 98 per cent lymphocytes) transferred tuberculin hyper- 
sensitivity, the ability to reject a previously tolerated allograft, and could 
cause lethal graft-versus-host reactions. (See review by Bloom and 
Chase [2].) Experimental allergic diseases in animals can be trans- 
ferred by the lymphoid cells of the sensitized animals but not by their 
serum, ¢.g., experimental allergic encephalomyelitis (EAE) in several 
species and experimental immune thyroiditis in the rat. (See review by 
Paterson [3].) 
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From these and many other studies it has become clear that cell popula- 
tions rich in lymphocytes and/or macrophages are the most effective if not 
the only products by which cell-mediated immunity can be transferred, and 
it is these cells which have been intensively studied for immune reactivity 
in vitro. 

Two approaches are possible in such in vitro studies: either the responses 
elicited in the transfer-competent cells by presenting them with specific 
antigen may be studied, or the effects of the transfer-competent cells upon 
specific target antigens in the form of living cells may be studied. In 
practice, three techniques have principally made it possible in certain 
situations to show a good correlation between in vitro cell reactivity with 
antigen and the presence of a state of cell-mediated immunity (without 
circulating antibodies) towards the same antigen in the donor of the cells 
tested. A strict correlation of this sort would strongly imply that the two 
reactions are both manifestations of one and the same immune reaction. 
Two of these techniques—the inhibition by antigen of macrophage migra- 
tion and the stimulation of lymphocytes to transform into large ‘blast 
cells’ capable of mitosis—are examples of the first type of response; the 
converse situation is exploited in studies of the cytotoxic effects of lympho- 
cyte/macrophage-rich cell suspensions on cells in tissue culture. These are 
now discussed in turn. 


II. MACROPHAGE MIGRATION INHIBITION 


The principle of this technique is as follows. A compact cell population 
containing macrophages is cultured in suitable culture medium. After one 
or two days cells, principally macrophages, migrate outwards from the 
original explant over a fan-like area on the floor of the culture vessel. The 
pioneer study of Rich and Lewis, in 1928 [4], revealed that when the cells 
originated from an animal immunized against an antigen (in their experi- 
ments the tubercle bacillus) the addition of the antigen to the culture 
fluid specifically inhibited the outward migration of macrophages. 

Rich and Lewis originally used plasma-clot explants of washed spleen 
cells or buffy-coat cells, and Aronson [5], three years later, bone-marrow 
and testicular explants, from tuberculous animals. Lung, liver, thymus, 
and other tissues have subsequently been found to yield suitable emigrating 
populations of macrophages which respond to antigen in similar fashion. 
In the individual animal the macrophages of various organs acquire this 
responsiveness at differing times after immunization [6]. 

Macrophage emigration from lymphoid tissue explants is preceded by 
that of polymorphonuclear leucocytes and lymphocyte-like small mono- 
nuclear cells, and succeeded after several days by fibroblast emigration. 
The macrophage migration is far the most sensitive to the presence of 
antigen [7]; inhibition of polymorph migration when it occurs appears to 
be non-specific. Cornea-, skin-, kidney-, and liver-cell migration are not 
significantly inhibited by specific antigen [see 8]. 
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unimmunized animals as well as from animals immunized to a variety 
of antigens other than the tubercle bacillus. George and Vaughan [9] 
described an improved quantitative technique: washed exudate cells were 
centrifuged in capillary tubes which were then cut at the cell-fluid interface. 
The cell-containing segment of capillary tube was then affixed to the lower 
cover-slip of a Mackaness chamber, antigen-containing culture medium 
added, and incubation at 37° C. begun. Within 24 to 48 hours macrophage 
emigration occurred fanwise from the open end of the capillary tube onto 
the floor of the chamber. Projection of the image of such cultures by 
transmitted light via a prism onto a sheet of paper or photographic plate 
allows measurement of the area of migration by planimetry, whether using 
plasma-clot or capillary-tube cultures. 


A. Immunological Significance 


In the present discussion the central question is: What is the relationship 
between in vitro macrophage migration inhibition (MMI) by antigen, and 
the state of immunity in the donor of the cells? In fact, from the start 
workers using this technique have observed remarkably good correlation 
between in vitro positivity and the presence in the cell donor of immune 
states of the type described as cell-mediated, and no correlation with the 
presence or absence of circulating antibodies. Rich and Lewis [4] showed 
that the migration of tuberculous, but not normal, guinea-pig macrophages 
was markedly inhibited by the addition of Old Tuberculin to the culture 
medium. However, hypersensitive guinea-pigs’ serum did not confer this 
responsiveness onto normal macrophages. They concluded that ‘ 
allergy in tuberculosis results from a change in the individual fixed tissue 
and blood cells, which renders them more sensitive to the products of the 
tubercle bacillus. There are no humoral factors necessary for the produc- 
tion of the injurious local effects of allergy in tuberculosis’—a remarkable 
and early expression of the concept of purely cellular immunity which is in 
widespread acceptance today! 

Aronson [10] further clarified the distinction between tuberculin sensi- 
tivity which is ‘inherent in the cell’ [5] and Arthus and anaphylactic 
sensitivity which are antibody-mediated reactions, at the same time 
confirming that MMI was related only to the former. Guinea-pigs showing 
marked Arthus and anaphylactic sensitivity to horse serum exhibited no 
MMI with this antigen even if they were also tuberculous and exhibited 
tuberculin-induced MMI. Using a similar antigen, Raffel [11] showed that 
the migration of bone-marrow macrophages of guinea-pigs showing Arthus 
sensitivity but no DH to ovalbumin was not inhibited by ovalbumin in vitro, 
whereas in animals with DH to this antigen migration was inhibited by 
ovalbumin. Manysubsequent studies haveconfirmed these associations (see 
reviews of the earlier work [12, 8]) using these and other antigens, e.g., histo- 
plasma, T4 bacteriophage, gamma-globulin, orpicrylated guinea-pig skin [6]. 

Three other aspects of MMI reactivity further reinforce a close relation- 
ship between it and DH. 


B. Failure of Transfer by Serum 


David et al. [13], like many other workers, confirmed the classic obser- 
vation [4] that serum did not confer reactivity onto normal macrophages, 
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whether the serum was from animals manifesting DH and in vitro macro- 
phage sensitivity to antigen or contained high titres of precipitating 
antibodies. Failure to transfer immunological reactivity to normal cells 
by serum accords well with the virtually universal failure to transfer 
states of cell-mediated immunity to the normal intact animal by means of 
serum mentioned earlier (see review [2]). It also strongly suggests that this 
particular reaction (MMI) which takes at least 24 hours for its manifesta- 
tion is quite different from that which can be conferred onto macrophages 
within minutes by serum containing ‘cytophilic antibody’ (see Jater, 
p. 260). 


C. Hapten versus Carrier-protein Specificity 


Secondly, MMI reactions involving carrier-proteins and haptens have 
been found to show the identical pattern of specificity for the carrier- 
protein but not the hapten as Benacerraf and his colleagues [14] showed 
governs DH reactions in vivo, whereas humoral antibody-mediated reac- 
tions are specific only to the hapten. David, Lawrence, and Thomas [15] 
immunized guinea-pigs to four different proteins conjugated to 2,4- 
dinitrophenol by injecting the conjugates in complete Freund’s adjuvant 
(CFA) into the foot pads, which induced DH as well as antibody forma- 
tion. Migration of peritoneal exudate cells from these animals was 
specifically inhibited only by the immunizing conjugate and not by the 
hapten. The same animals’ antibodies, on the other hand, reacted by 
passive cutaneous anaphylaxis and in gel diffusion equally well with either 
of two different dinitrophenyl-protein conjugates. Similarly Carpenter 
and Brandriss [7] immunized groups of guinea-pigs with one or other of 
five picrylated protein antigens in either complete or incomplete Freund’s 
adjuvant (the latter does not produce DH). Only the macrophages of the 
CFA-immunized animals exhibited MMI and this only in response to 
the particular picrylated conjugate used for immunization, whereas the 
animals’ antibodies reacted with any of a number of picrylated proteins. 


D. MMI by Tissue Antigens 


A third group of studies which further underline the close relationship 
between MMI in vitro and cell-mediated phenomena in vivo are those 
concerned with experimental allergic encephalomyelitis (EAE) and 
transplantation immunity. EAE is considered to be a primarily cell- 
mediated disease (see [3]) since, among other reasons, it is transferable by 
cells but not by serum taken from affected animals. David and Paterson [16] 
showed that the migration of peritoneal macrophages of animals suffering 
from EAE was inhibited by ‘encephalitogenic antigen’ (adult guinea-pig or 
rat brain plus spinal cord). Neonatal rat nervous tissue, which does not 
induce EAE, did not produce MMI. Again, their sera did not confer 
reactivity to control macrophages. 

In their study of allograft sensitivity Al-Askari et al. [17] found that 
the migration of macrophages of sensitized mice (which had rejected 
skin-allografts) was inhibited when they were cultured together with 
macrophages from the skin-graft donor strain, or microsomal preparations 
of these cells [18]. Unsensitized macrophages of unrelated strains when 
cultured together showed no MMI in the 24-hour culture period used [17]. 
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E. Cellular Mechanisms of MMI 


Most of the more recent work on MMI has been concerned with 
attempting to discover the actual mechanisms involved. The results 
indicate that the visibly responsive cells, the macrophages, are in fact only 
non-specific indicator cells and that the actual bearers of the information 
for specific cellular reactivity are the minority population of lymphocytes 
present. Although immune serum does not transfer reactivity to normal 
peritoneal exudate cells, Paas et al. [19] found that the addition of 33 per 
cent, and David, Lawrence, and Thomas [20] that the addition of 5 per 
cent, or even on occasion 2:5 per cent of peritoneal exudate cells from 
tuberculin-sensitive guinea-pigs to normal peritoneal exudate cells 
resulted in ail the cells of the mixed population showing inhibition of 
migration in the presence of tuberculin. 

In 1963 Svejcar and Johanovsky [cited in 21] had found that the addition 
of antigen to sensitized and non-sensitized spleen explants cultured in the 
same vessel inhibited cell migration from both explants, and since then 
Bloom and Bennett [22] and others have established that a soluble 
migration-inhibiting factor (MIF) is produced. These workers [22] 
separated the macrophages from the lymphocytes of peritoneal exudates 
of tuberculin-hypersensitive guinea-pigs and found that the isolated 
macrophages when cultured showed no inhibition of migration by tuber- 
culin. However, the addition of as little as 0-6 per cent of the separated 
sensitized lymphocytes (which do not themselves migrate) to normal 
peritoneal exudate cells resulted in the whole population of cells acquiring 
clear-cut responsiveness to tuberculin (i.e., MMI). 

This was a significant advance in showing the macrophages to be merely 
passive indicator cells receiving instructions from the actual carriers of the 
immunologically specific ‘know-how’: the lymphocytes. Bloom _and 
Bennett [22] were further able to show that if the lymphocytes of guinea- 
pigs having DH to tuberculin were incubated with tuberculin for 20 hours 
a soluble factor appeared in the supernatant fluid which imparted specific 
responsiveness (MMI) to normal peritoneal exudate cells. The factor did 
not result from the incubation of normal lymphocytes with tuberculin, or 
of the sensitized lymphocytes without tuberculin or with a different 
antigen, e.g., coccidioidin. Moreover, incubation with the appropriate 
antigens of the lymphocytes of animals having high titres of circulating 
antibodies but no DH to the purified protein derivative (PPD) of tuber- 
culin, bovine serum albumin, or ovalbumin respectively did not result in 
the production of MIF. The factor was non-dialysable and its appearance 
was prevented by mitomycin C. They have subsequently shown [23] that 
MIF first appears in the supernatants after 6 hours of incubation with 
antigen, which would suggest its new synthesis rather than the release of 
preformed material. Very similar results have been obtained by David [24] 
using guinea-pig lymph-node instead of lymphocytes. The sensitized 
lymphocytes only produced a MIF if incubated with their ‘own’ specific 
antigen. The MIF remained active after heating at 56° C. for 30 minutes. 

Dumonde, Howson, and Wolstencroft [25] have confirmed that specific 
MMI of purified macrophage populations occurred only upon the addition 
of sensitized lymphocytes (as little as 2 per cent) or of a MIF which was 
synthesizable by sensitized lymphocytes only in the presence of their 
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specific antigen. They have furthermore found that the efficacy of sensitized 
peritoneal exudate cells in transferring local or systemic DH correlates 
with their content of lymphocytes and not macrophages [25]. 

These studies show, then, that in DH the lymphocytes become capable 
of actively synthesizing a soluble macrophage-immobilizing factor (prob- 
ably protein in nature) when confronted by the specific antigen in vitro. 
The number of macrophages immobilized can be up to one hundred times 
the number of lymphocytes which produce the factor [22]. This provides 
an amplification mechanism for the cellular reaction to an antigen which 
might account for the abundance of macrophages often seen in vivo at the 
sites of cell-mediated reactions. It would also account for the earlier 
finding of Nelson and Boyden [26] that in animals having DH to various 
antigens (but not those having only Arthus hypersensitivity) the paren- 
teral injection of the specific antigen caused marked clumping of macro- 
phages in induced peritoneal exudates within one hour. 


F. Potential Application of MMI to Clinical Studies 


From the foregoing the MMI phenomenon emerges pretty clearly as a 
valuable in vitro demonstration of DH, but it has not been readily applic- 
able for use in man because of the unavailability of peritoneal exudates or 
other macrophage-rich populations. However, Thor and Dray have been 
able to induce human lymph-node lymphocytes to migrate and to demon- 
strate specific MMI by cultivating them for 72 hours in tissue culture, and 
more recently these workers, with associates [27], have shown that the. 
incubation with the appropriate antigens of separated human blood 
lymphocytes from delayed-hypersensitive individuals results in the 
appearance of a MIF which is highly effective in causing MMI of hetero- 
logous, viz., guinea-pig, peritoneal exudate cells. This finding appears to 
open up considerable new clinical vistas. 


G. Other Reactions of Macrophages in vitro in Delayed Hypersensitivity 


Infection by organisms which can survive and multiply within host 
macrophages results in the host developing a state of DH to antigens of the 
infecting organism [28]. The macrophages of such animals show another 
form of altered reactivity in vitro, namely an intrinsic enhanced microbi- 
cidal activity. This state, however, is non-specific and thus has little 
ate to be an in vitro counterpart of the specific in vivo phenomenon of 

Another in vitro reaction of macrophages sometimes associated with 
DH is that imparted to them by ‘cytophilic antibody’. Boyden described 
such antibodies in the sera of guinea-pigs injected with sheep red blood-cells 
in CFA (which induced DH) but not in the sera of animals immunized 
with the red cells in incomplete Freund’s adjuvant (and which had no 
DH) [29]. The antibodies imparted to normal macrophages the property 
of agglutinating to their surfaces sheep red blood-cells in rosette fashion 
and have been considered as possible mediators of DH (see review by 
Nelson and Boyden [30]). However, other workers have found a clear 
dissociation between the appearance of DH and cytophilic anti- 
bodies [31, 32], and in his monograph on DH Turk concludes that 
macrophage cytophilic antibodies are probably not involved in DH [33]. 
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H. Summary 


The cells carrying the ‘immunological memory’, accounting for the 
appearance of cell-mediated immune reactions in vitro upon re-exhibition 
of the sensitizing antigen, are_to be found amongst the lymphocytes. On 
re-encountering the antigen they synthesize a soluble factor, probably a 
protein, which can immobilize relatively large numbers of macrophages 
in their vicinity. This mechanism accounts for the MMI phenomenon 
which a variety of different approaches have indicated to be a reliable 
in vitro measure of specific cell-mediated immunity. It also provides a 
possible explanation for the accumulation of large numbers of macro- 
phages at the sites of cell-mediated reactions in vivo. 

At the same time the response to the antigen may be further amplified 
by the transformation and replication of lymphocytes as described in the 
next section. 


Ill. LyMpHOCYTE TRANSFORMATION 


This section deals with a second way in which the lymphocytes of indivi- 
duals capable of manifesting one or other type of cell-mediated reaction 
in vivo can be shown to react in vitro. The reaction consists of the trans- 
formation, induced by certain antigens or other stimulatory substances, of 
a proportion of the apparently mature lymphocytes of a sensitive individual 
into large primitive DNA-synthesizing blast cells which may proceed to 
mitosis and replication. 

_ Many studies have now been performed on this phenomenon [see 34] 
and it has emerged that lymphocyte transformation in vitro occurs under 
three main sets of circumstances, the latter two of which certainly appear 
to represent true immune responses :— 

A. Non-specific Stimulation: Certain substances (e.g., phytohaemagglu- 
tinin, staphylococcal filtrate, antilymphocyte serum) stimulate blast-cell 
transformation of many lymphocytes (50-70 per cent), of nearly all 
individuals of many species, by 72 hours. 

B. Transformation as a Specific Secondary Immune Response: Specific 
antigens (e.g., tuberculin, tetanus toxoid, poliovirus vaccine) stimulate the 
transformation of about 5-30 per cent of lymphocytes (only of individuals 
previously sensitized to the antigen used) after about 5 days. _ 

C. Transformation as a Primary Immune Response: Specific antigens (e.g., 
allogeneic or xenogeneic histocompatibility antigens (the ‘mixed lympho- 
cyte reaction’)) stimulate the transformation of about 5-10 per cent of 
lymphocytes of previously unimmunized individuals, after about 5—7 days. 


A. Non-specific Stimulation 


|. PHYTOHAEMAGGLUTININ 

In 1960 Nowell [35] made the startling observation that the addition of 
phytohaemagglutinin (PHA), an extract of the red bean, Phaseolus vulgaris, 
to cultures of normal human blood leucocytes to remove the red cells 
caused the appearance, after 72 hours’ culture, of many large mononuclear 
cells of primitive appearance, and fairly numerous mitotic figures. This 
was surprising as blood leucocytes normally show no mitotic activity 
either in vivo or in culture, and until comparatively recently had been 
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regarded simply as ‘end-cells’ merely awaiting senescence and death. This 
finding was immediately exploited to provide a new and relatively simple 
technique for the study of human chromosomes. However, it was simply 
the fact that lymphocytes could be ‘brought to life’ in vitro in this specta- 
cular fashion which has proved of great importance to the immunologist. 

PHA stimulates blast-cell transformation of human lymphoid cells 
obtained from lymph-nodes, spleen, thoracic duct, tonsils, and irregularly 
from the thymus (see references in [36]), and transformation has been 
obtained in many other species (see references in [36]). However, this is 
not a universal effect of PHA on all cells: blood-cells other than lympho- 
cytes, for instance, are not stimulated to transform by PHA. Nevertheless, 
PHA has been reported to stimulate some mitosis of basal cells in human 





Fig. 54.—PHA-transformed blast cells. An untransformed lymphocyte (centre) 
and a macrophage (top left) are also present. Three-day PHA-culture of normal 
human lymphocytes: May-Griinwald Giemsa stain. 


skin culture [37] and human carcinoma and rat fibroblast cultures [38] 
and of free-living amoebae [39]. This stimulation of cells not known to be 
capable of immune responses, and the fact that PHA stimulates the 
lymphocytes of virtually all individuals in a species without their having 
previously encountered it as an antigen, suggest that PHA-induced trans- 
formation is not in the nature of an immune response. 

On the other hand, the resultant blast cells are very similar in their light 
and electron microscopic appearances to both the blast cells that appear 
in vitro in this fashion in more certainly immunologically specific responses 
(€.g., that to tuberculin, see p. 266) and to the large pyroninophilic 

immunoblasts’ that arise in lymphoid tissues in vivo during the induction 
of cell-mediated immune responses. : 
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The PHA blast cell, firstly, is usually large (up to 20-30 » diameter) 
with deeply basophilic cytoplasm which is pyroninophilic and frequently 
has a paler perinuclear zone and small vacuoles. The nucleus is finely 
leptochromatic and contains one, two, or more nucleoli (Fig. 54). Electron 
microscopically [40, 41] the cytoplasm is seen to be rich in ribosomes, lying 
free or arranged in rosettes. Mitochondria are numerous and sometimes 
show increased cristae. A fairly well-developed Golgi apparatus is present 
but endoplasmic reticulum is usually very sparse. 

Strikingly similar large mononuclear cells referred to as ‘large lymphoid 
cells’ [42] or “hemocytoblasts’ [43] have been described in the lymph- 
nodes draining primary skin allografts, in the spleen during graft-versus- 
host reactions, referred to as ‘large pyroninophilic cells’ [44], and in the 
lymph-nodes draining induction sites of contact sensitivity [45] and 
referred to as ‘immunoblasts’ [33]. These are, of course, all examples of 
primarily cell-mediated immune reactions. Oort and Turk [45] in fact 
found such immunoblasts to proliferate only if DH was being induced 
and not if only antibodies were being induced. The electron microscopic 
appearances of the immunoblasts in lymph-nodes draining skin-grafts [46, 
47] or sites of skin sensitization to oxazolone [48] correspond very closely 
to those of PHA blast cells, and both are, of course, quite unlike those of 
the plasma cells associated with circulating antibody production with their 
abundant rough endoplasmic reticulum. 


2. METABOLIC CHANGES DURING TRANSFORMATION 


Since PHA-induced lymphocyte transformation is accompanied by the 
appearance of about I—S per cent of mitotic figures by the third day, it is 
not surprising that at 72 hours some 40-50 per cent of the cells can be 
shown to be synthesizing new DNA [49]. DNA synthesis starts after the 
first 24 hours. The addition of radioactive thymidine, which is-exclusively 
utilized for the synthesis of new DNA, towards the end of the culture 
period provides a method of quantitating transformation alternative to 
morphological examination [49]. “@C- or %H-labelled thymidine are 
usually added during the final hour of culture and subsequent auto-radio- 
graphy shows the nuclei of about 10-30 per cent of the cells to be labelled 
(Fig. 55). Alternatively the radioactivity of the cultured cells or the 
extracted DNA may be measured in a scintillation counter. This method 
is less time-consuming than autoradiography and is now in widespread 
use, but is still not entirely free from shortcomings [50]. 

Studies using tritiated cytidine or uridine have shown that after a fall in 
RNA content during the first 30 minutes, its synthesis increases pro- 
gressively during the culture period. The new RNA is largely non- 
ribosomal and therefore thought most likely to be ‘messenger RNA’ [51]. 

Despite the fact that the ultrastructural appearances of transforming and 
transformed lymphocytes might not suggest that they synthesize any sig- 
nificant amounts of protein for ‘export’ (cf. the paucity of endoplasmic 
reticular lamellae), several reports of such increased synthesis have 
appeared. Using immunofluorescence, immuno-electrophoresis, and auto- 
radiography, the addition of PHA has been reported to cause a mild (two- 
to threefold) [52] to manifold [53] increase in the synthesis of proteins, 
including the three immunoglobulins, IgG, IgA, and IgM. Hirschhorn 
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et al. have calculated that | million transforming lymphocytes produced 
10 ug. of gamma-globulin during 24 hours of culture. In contrast, the 
lymphocytes of agamma-globulinaemic patients, despite transforming 
normally in response to PHA, produced no gamma-globulin [54]. Several 
groups of workers, however, have been unable to demonstrate that PHA 
stimulates increased synthesis of immunoglobulins (see [55]). 





Fig. 55.—Auto-radiogram of 3-day PHA-culture which had been incubated with 
%H-thymidine during the final hour of culture. Three * blasts’ show nuclear labelling. 
Stripping film, exposed 14 days. Counterstained with May-Griinwald Giemsa. 


The energy for these various synthetic processes of transforming 
lymphocytes is apparently provided by anaerobic glycolysis: glycogen 
falls to very low levels in the blast cells while dehydrogenase enzymes 
(particularly lactic) increase [56] and lactate production rises. At the same 
time an increase in cytoplasmic lysosomes is accompanied by increased 
amounts of cytoplasmic hydrolytic enzymes [56,57]. The uptake of 
labelled lipid precursors also increases [58]. 


3. POssIBLE MECHANISMS OF NON-SPECIFIC STIMULATION; OTHER NON- 
SPECIFIC STIMULANTS ; 


The mitogenic principle of PHA is a mucoprotein. It is absorbable by 
leucocytes but not by erythrocytes. However, prevention of leuco-aggluti- 
nation by other means does not prevent PHA-induced transformation [59]. 
Moreover, many other non-specific and specific mitogens cause no 
leuco-agglutination. 

Extracts of the American pokeweed [60] and several common legume 
seed extracts have been found to have mitogenic effects comparable to 
(e.g., lentils, broad beans, common beans) or much weaker than (e.g., 
common peas, chick peas) those of PHA [61]. In addition, two bacterial 
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products have been found to have potent non-specific transformation- and 
mitosis-stimulating effects on the lymphocytes of most normal individuals. 
These are streptolysin S [62] and a factor present in filtrates of Staphy- 
lococcus aureus cultures [63]. Mitogenic stimulation by trypsin, chymo- 
trypsin, and papain have also been reported [64]. 

The mechanism by which these non-specific stimulants (or for that 
matter the specific antigens to be discussed presently) trigger off the 
processes of transformation is not yet established. It has been suggested 
that PHA transformation might be a result of the release of lysosomal 
enzymes [65, 66], which increase during transformation. In support of this 
are cited the observations that streptolysin S and staphylococcal endotoxin 
have been shown to cause the release of lysosomal enzymes, and that 
PHA-induced transformation is prevented or inhibited by the prior 
addition of prednisolone or chloroquin, both of which drugs are said to 
‘stabilize’ the lysosomal membrane. This theory has, however, been 
challenged [67]. 

An alternative theory that PHA-induced transformation, like that 
induced by specific antigens, is the result of an immunological reaction to a 
universally experienced antigenic stimulus [68] gains some support from 
the demonstrations that PHA is antigenic in animals and humans [69]. 
However, the curves of antibody production had the characteristics of a 
primary response, which argues against PHA transformation representing 
a secondary immune response to PHA. 

One other stimulant of lymphocyte transformation which appears to 
be non-specific is heterologous antilymphocyte serum (ALS) [70, 71]. 
Grasbeck, Nordman, and de la Chapelle [70] compare this non-specific 
stimulatory effect to the parthenogenetic effects in sea-urchins of simple 
physical stimuli such as needle-pricks. They also cite a report of the 
induction of parthenogenesis in sea-urchin eggs by rabbit antisera to the 
eggs. In contrast, homologous antilymphocyte and in fact antiglobulin 
antisera stimulate lymphocyte transformation in an immunologically 
selective fashion and will be discussed later (p. 268). 


4. CLINICAL CORRELATIONS WITH NON-SPECIFIC STIMULATION 


The balance of the evidence cited seems to indicate that PHA-induced 
lymphocyte transformation is not the result of an immunological reaction. 
Nevertheless, it has emerged as a valuable in vitro measure of an indivi- 
dual’s cellular immunological capabilities, since in a number of diseases 
the finding of reduced or absent PHA-induced lymphocyte transformation 
has correlated well with evidence of impaired cellular immune competence 
to reject allografts or to develop DH, e.g., to tuberculin or dinitrochloro- 
benzene, or by an increased susceptibility to certain infections. ; 

Deficient cellular immunity in vivo without immunoglobulin or antibody 
deficiency has been found accompanied by impaired _PHA-induced 
lymphocyte transformation in many cases of Hodgkin’s disease [72] and 
in most cases of sarcoidosis, particularly during relapse [73]. In contrast, 
PHA-induced transformation has been normal in other cases of immuno- 
logical deficiency where cellular immunity is intact and the deficiency is 
one of immunoglobulin production, as in the classic Bruton type of 
agammaglobulinaemia [54, 74]. We found this situation to obtain also in 
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a case with normal immunoglobulin levels but deficient specific antibody 
formation [75]. In still other conditions deficiencies of both cellular 
immunity and immunoglobulins (and antibodies) are common, and in 
these, too, impaired PHA-induced lymphocyte transformation occurs, as 
in the ‘Swiss type’ of agammaglobulinaemia (thymic alymphoplasia) [76] 
and some cases of ataxia telangiectasia [77]. We have found this also to 
be the case in some patients with adult coeliac disease [78]. 


B. Transformation as a Specific Secondary Immune Response 


The PHA-phenomenon has also proved valuable to the immunologist 
in leading directly to the discovery that transformation is also induced by 
certain antigens in immunologically specific fashion, which has provided a 
new in vitro test of specific cellular immune reactivity. 

In 1963 Pearmain, Lycette, and Fitzgerald [68] considered the possi- 
bility that the PHA effect might be in the nature of an immunological 
response, and thus conceived the idea of testing whether the lymphocytes 
of individuals known to be hypersensitive to a specific antigen would be 
stimulated to a similar blastic transformation by the specific antigen in 
vitro. They cultured blood lymphocytes from individuals known to be 
hypersensitive to the tubercle bacillus (i.e., who were Mantoux positive) or 
non-sensitive (i.e., Mantoux negative), in the presence of tuberculin PPD. 
After 4-6 days of culture, transformation and mitosis of the Mantoux 
positive individuals’ cells occurred, but not of the others. Since then many 
other antigens have been found to induce transformation and/or mitosis 
in this selective manner characteristic of a secondary immune response. 

Within weeks of the tuberculin effect report Elves, Roath, and 
Israels [79] reported lymphocyte transformation induced by tetanus 
toxoid, typhoid—paratyphoid vaccine, diphtheria toxoid-antitoxin floccules, 
poliovirus vaccine, and small-pox vaccine lymph with fair correlation with 
the immunization histories of the lymphocyte donors. Hirschhorn et 
al. [80], at about the same time, similarly reported tuberculin, diphtheria 
toxoid, pertussis vaccine, and penicillin to stimulate lymphocyte mitosis 
in a manner completely in accordance with the subjects’ previous sensitiza- 
tion histories. 

In these and many other studies it has been found that transformation of 
lymphocytes by specific antigens is maximal after about 5-6 days, as 
compared to 3-4 days of culture in the case of PHA, and a much lower 
proportion of blast cells are stimulated (about 5-30 per cent) than by 
PHA or the other non-specific stimulants. 

The specific-antigen-stimulated blast cells appear identical to PHA blast 
cells by light microscopy, although in electron microscopic studies 
differences have been reported [81]. They have been reported to synthe- 
size Immunoglobulins similarly to PHA blast cells but to a lesser degree 
[see 53]. They have even been reported by a few workers to synthesize 
specific antibodies when engendered by the specific antigen and, more 
markedly so, by PHA. PHA-stimulated lymphocytes of rheumatoid 
arthritic patients contained ‘rheumatoid factor’ in their cytoplasm [82]; 
cells of a patient with Hashimoto’s disease stimulated by the addition of 
thyroglobulin, and more so by PHA, produced antithyroglobulin anti- 
body [83]. This finding, however, could not be confirmed by others [55]. 
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Recently Ripps and Hirschhorn [53] have found the cells of penicillin- 
sensitive patients to produce penicillin-binding substances on stimulation 
by penicillin and, more so, by PHA. Other workers, however, have been 
unable to demonstrate that PHA stimulates sensitized cells to produce 
antibodies [84]. 


1. AN INDEX OF DELAYED HYPERSENSITIVITY OR HUMORAL IMMUNITY ? 
CLINICAL STUDIES IN ALLERGIES 


It has been possible to test for both skin reactivity and lymphocyte 
transformation induced by the same specific antigen in allergic patients 
and drug hypersensitivity following initial reports of lymphocyte trans- 
formation induced by pollen extracts in patients with seasonal hay 
fever [85] or by the suspected drug in presumed drug-hypersensitivity 
reactions, e.g., to phenytoin sodium [86] or sulphonamide [87]. The 
results have been surprising and conflicting. In 10 patients with seasonal 
asthma or hay fever and skin sensitivity (of unspecified but presumably 
‘immediate’ type) to grass pollen, Wiener and Brasch [88] reported 
transformation to be induced in all cases by the offending pollen extract. 
As Ricci, Rassaleva, and Ricca [89] have pointed out, this is an unexpected 
result as the bulk of the evidence indicates that lymphocyte transformation 
is a correlate of cellular immunity and in allergic patients DH to the 
allergen is not found, except rarely after desensitization treatment. In 
their studies Ricci et al. found no significant stimulation of transformation 
by pollen extract in 27 cases of pollenosis, including 12 that had had specific 
desensitization therapy. 

Similarly, in drug sensitivity immediate skin hypersensitivity is the usual 
finding and yet lymphocyte transformation in vitro induced by the sus- 
pected drugs (including penicillin and sulphadimidine) has been reported 
in a small proportion of such cases [90]. Skin tests were not reported in 
these studies. Vischer [91] and Fellner et al. [92] found a striking correla- 
tion between the presence of immediate skin hypersensitivity and penicillin- 
induced lymphocyte transformation in 10 patients and no correlation 
with skin DH. Halpern, Ky, and Amache [93] found that the addition of 
a predetermined amount of the offending drug to the lymphocytes of nearly 
100 patients in every case induced significant lymphocyte transformation 
regardless of whether skin tests showed immediate or delayed hyper- 
sensitivity. Normal and non-allergic individuals taking the same drugs 
gave negative results. Fellner et al. [92] do, however, draw the reader’s 
attention to a recent animal study by Oppenheim, Wolstencroft, and Gell 
[94] in which the opposite correlation was found, namely with DH. 


Animal studies 

Oppenheim and his colleagues [94] induced pure DH to tuberculin 
PPD and albumin-orthanilic acid conjugate in guinea-pigs. Despite the 
absence of any detectable circulating antibodies, all draining lymph-node 
cells and about 40 per cent of spleen and peripheral leucocyte cultures 
underwent blast-cell transformation with these antigens in vitro. More- 
over, induction of transformation was carrier specific as is DH in vivo [95], 
as mentioned earlier. 
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Mills [96] has similarly demonstrated a clear and convincing parallelism 
between lymph-node lymphocyte transformation and skin DH in guinea- 
pigs immunized with ovalbumin in complete Freund’s adjuvant. Intra- 
venously immunized animals developed antibodies but no lymphocyte 
reactivity to the antigens, and again transformation responses to DNP- 
protein conjugates were carrier specific whereas the antibodies induced 


were hapten specific. 


2. THE TRANSFORMING LYMPHOCYTE ACTING AS ‘ANTIGEN’ IN SPECIFIC 

TRANSFORMATION 

In all these instances of specific antigen-induced transformation it 
seems apparent that the added antigen combines with a specific receptor 
on or near the surface of the sensitized lymphocyte and that this inter- 
action then triggers off the metabolic processes leading to transformation 
and mitosis. Even if the roles of the lymphocyte and the suspending 
medium are reversed it seems that some sort of specific immune complex 
can still be formed which is capable of triggering off the transformation 
process. Thus anti-rabbit leucocyte antibodies caused the transformation 
of some but not all other rabbits’ lymphocytes [97], and similarly rabbit 
antibodies to various allotypes of rabbit gamma-globulin have stimulated 
transformation of rabbit lymphocytes but only those of the corresponding 
allotype [98]. The interaction, possibly with traces of the particular 
gamma-globulin allotype in or on the lymphocytes which leads to trans- 
formation, could occur within 15 minutes of adding the antibodies. 


3. TRANSFORMATION IN THE INVESTIGATION OF AUTO-IMMUNE DISEASES 


The exciting possibility that under certain circumstances lymphocytes 
might be shown to be reactive to autologous cellular antigens has par- 
ticularly interested several workers. Such a finding would be suggestive of 
true cell-mediated auto-immunity, the very opposite of the normal state of 
‘horror autotoxicus’ and in accordance with the considerable evidence 
suggesting that cell-mediated mechanisms rather than the numerous 
well-known auto-antibodies might have pathogenetic significance in a 
number of so-called ‘auto-immune diseases’ (see Chapter 12). However, 
in view of the obvious difficulties in obtaining samples of autologous 
tissue in sufficient quantity, most of such studies on human beings have 
perforce used as antigens allogeneic tissues obtained at operation or at 
autopsy. 

In 1963 Hashem et al. [99] reported that the lymphocytes of 4 infants 
with severe eczema were stimulated to mitosis and transformation (up to 
20 per cent) by extracts of their own skin. However, shortly thereafter 
they also reported comparable stimulation by extracts of autologous 
lymphocytes in infantile eczema and also in various other diseases of 
possibly auto-immune aetiology. One other report of lymphocyte trans- 
formation induced by autologous tissue has appeared: Tobias, Safran, 
and Schaffner [100] found 14-18 per cent of blast cells to be induced in 
the lymphocytes of 2 out of 4 patients with primary biliary cirrhosis and | 
of 2 with chronic active hepatitis after culture for 120 hours with homo- 
genized fragments of their own biopsied liver tissue. Eight other patients 
with various other liver diseases gave negative results. 
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Autologous cerebrospinal fluid and, equally, allogeneic fluid were 
found by Fowler, Morris, and Whittey [101] to produce transformation 
of the lymphocytes of 6 multiple sclerosis patients but not of 9 controls. 
All these results still await confirmation. 

In rabbits injected with allogeneic thyroglobulin in complete Freund’s 
adjuvant, so as to induce allergic thyroiditis, Zavaleta and Stastny [102] 
found that the sensitized rabbits’ lymphocytes responded in vitro to prepara- 
tions of their own thyroglobulin (as shown by increased tritiated thymidine 
uptake). Sensitization with thyroglobulin without CFA produced neither 
thyroiditis, DH to thyroglobulin, nor lymphocyte responsiveness to thyro- 
globulin. As lymphocyte reactivity appeared several days before the usual 
time of appearance of the thyroiditis, the authors point out that the 
relationship between the two must still remain undecided. 

Rather more attempts have been made to demonstrate organ-specific 
lymphocyte reactivity in human beings using allogeneic antigens, but 
not all have given positive results. Pipitone et al. [103] have reported that 
human liver ribosomal preparations stimulated significant transformation 
of the lymphocytes of 16 out of 23 patients with chronic hepatitis but not 
of patients with various other liver disorders. They later found a similar 
kidney preparation to stimulate transformation of the lymphocytes of 
patients with acute or chronic glomerulonephritis, or chronic pyelo- 
nephritis, but not other kidney diseases. Fractions of other organs did 
not stimulate the patients’ lymphocytes [104]. 

Hoenig and Possnerova [105], on the other hand, found no significant 
blast-cell transformation of the lymphocytes of 7 patients with cirrhosis 
of the liver after 72 hours of culture with an extract of necropsied liver, 
although in 3 of them ‘rare’ mitoses occurred. Lehner [106] found that 
the lymphocytes of patients with recurrent aphthous ulcers but not those of 
normal controls were stimulated by homogenates of foetal oral mucosa 
and, to a lesser extent, skin. However, in view of his other finding that 
foetal liver homogenate caused stimulation of the lymphocytes of 16 per 
cent of 51 subjects without any liver disease, Lehner advocated caution in 
interpreting the above mentioned results of Tobias et al. [100] who 
included no controls without liver disease [107]. 

In another ‘auto-immune’ disease, myasthenia gravis, Housley and 
Oppenheim [108] could find no induction of lymphocyte transformation by 
homogenates of normal or myasthenic thymus, or of normal muscle. In 
lymphocyte studies on patients suffering from various diseases of possibly 
auto-immune nature of the gastro-intestinal tract, the present author has 
not obtained stimulation of transformation by either allogeneic tissue or 
dietary antigens. Thus the lymphocytes of pernicious anaemia patients 
were cultured with various preparations (crude and ultracentrifuged 
fractions) of ‘normal’ gastric mucosa obtained from gastrectomy speci- 
mens, and with intrinsic factor; cells from ulcerative colitis patients with 
similar mucosal preparations of various parts of the large and small 
bowel, and with the milk proteins to which circulating antibodies have 
been found in this disease [109], and cells from a few cases of regional 
ileitis, idiopathic steatorrhoea, and cirrhosis of the liver with the same 
antigens. In no instance was significant mitogenesis or blast-cell trans- 
formation found after 5 days of culture [110]. Similarly, Hinz, Perlmann, 
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and Hammarstr6m [111] have failed to demonstrate selective stimulation 
of either blood lymphocytes or those of the colon-draining lymph-nodes 
of ulcerative colitis patients by either phenol—water or saline extracts of a 
colon antigen. Their patients’ lymphocytes responded normally to PPD 
and PHA. 

In sarcoidosis an increased spontaneous lymphocyte transformation rate 
which was further stimulated by Kveim antigen (prepared from sarcoidal 
human spleen) has been reported [112]. The response was unusually slow, 
requiring 8 days of culture, and thus conceivably a primary one to allo- 
geneic histocompatibility antigens (see below), rather than necessarily 
specific to the ‘sarcoidosis’ antigens. Cowling, Quaglino, and Barret [113], 
in fact, found no response to Kveim antigen in sarcoidosis after 5 days of 
culture. 


C. Transformation as a Primary Immune Response 


In the previous section transformation of the lymphocytes of individuals 
having immunity (usually of cell-mediated type) to a variety of antigens 
was described as occurring in the manner of a specific secondary immune 
response. It has become apparent that lymphocyte transformation may 
also be stimulated by incubation with antigens encountered for the first 
time, constituting a visible primary cellular immune response in vitro 
analogous to the recently achieved induction in vitro of primary immune 
responses leading to specific antibody formation (see Chapter 4). 

In 1965 Johnson and Russell [114] noticed an increased number of 
blastoid cells and mitoses amongst human lymphocytes cultured for 7 days 
in foetal calf serum as compared with others cultured in autologous plasma. 
This finding has been confirmed. 

Even this response could conceivably be the manifestation ofa secondary 
response to bovine serum proteins previously encountered in the diet, and 
there are few if any other reports of transformation occurring as the 
result of incubation of unsensitized lymphocytes with soluble antigens. 
On the other hand, abundant evidence now exists that foreign histo- 
compatibility antigens can stimulate transformation and mitosis of 
lymphocytes in what is almost certainly a specific primary immune 
response of these cells in vitro. 


1. HISTOCOMPATIBILITY—A NTIGEN-INDUCED TRANSFORMATION, AND ALLO- 
GRAFT DONOR SELECTION 


The ‘first set’ rejection of allografts is probably largely a cell-mediated 
phenomenon (see Chapter 10); in fact humoral antibodies may even 
interfere with rejection, causing ‘enhancement’ of graft survival. It was 
therefore eminently reasonable to test whether the chief effector cells of 
rejection, the lymphocytes, would react in vitro to foreign histocom- 
patibility antigens by transformation. In 1964 Bain, Vas, and Lowen- 
stein [115] showed that this could occur by culturing together the lympho- 
cytes of two unrelated individuals. After 5 days of incubation considerable 
numbers of transformed blast cells had appeared whereas mixed culture of 
the leucocytes of identical twins produced no such transformation. 

The possible application of such a mixed-lymphocyte culture (MLC) as 
an in vitro measure of the degree of histo-incompatibility between 
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individuals and thus as a guide to the selection of donors for organ grafting 
was immediately obvious since leucocytes are known to share at least 
some histocompatibility antigens with fixed tissues, e.g., skin. It was soon 
shown that a ‘one-way’ reaction could be obtained by stimulating one 
individual’s lymphocytes (i.e., the prospective graft recipient’s) with the 
other’s histocompatibility antigens in a non-transformable form: e.g., 
lymphocytes disrupted by freezing and thawing, or rendered incapable 
of transformation by irradiation or mitomycin C, or as a monolayer of 
the blood macrophages. 

Bain and Lowenstein later showed that more transformed cells arose in 
MLC’s of two unrelated individuals than of two siblings, and in squirrel 
monkeys a very good inverse correlation was found between the survival 
times of skin-grafts between various pairs of animals and the transforma- 
tion induced in their one-way MLC’s [116]. After rejection the trans- 
formation responses were still greater. 

Wilson’s detailed studies of the MLC in rats [117] have led him to 
reaffirm that this is a primary in vitro immune reaction to histocompati- 
bility antigens. In parent-F, hybrid MLC’s, marker chromosomes 
showed that only the parental cells were stimulated. Lymphocytes of rats 
rendered tolerant at birth to certain transplantation antigens were specifi- 
cally non-reactive in adulthood to cells containing these antigens, and 
neonatally thymectomized rats’ lymphocytes non-reactive to allogeneic 
lymphocytes in adulthood in the MLC test. 

In 8 volunteers amongst whom skin-grafts were exchanged Bach and 
Kisken [118] found excellent correlation between graft survival times and 
transformation induced in their one-way MLC’s. However, Russell and 
his colleagues have so far found the MLC to be of little value in forecasting 
skin or renal allograft survival between pairs of unrelated individuals [119]. 
These workers, however, only used bidirectional MLC’s in that study. 
Also relevant here are the reports that uraemic plasma contains an 
inhibitor of transformation [120] and the known depression in uraemia of 
such cell-mediated reactions as allograft rejection and DH as well as of 
humoral immunity. 

Kasakura and Lowenstein have found a factor (released transplantation 
antigen) in MLC supernatants which stimulated blastogenesis of allogeneic 
(homologous) but not autologous lymphocytes after only 10 minutes of 
contact [121]. Gordon and MacLean have also found a mitogenic factor 
but concluded that it could not be preformed but was actively synthesized 
during MLC [122]. 

Recently the extraction and purification of strongly blastogenic 
histocompatibility antigens in soluble form from human lymphocyte cell- 
membranes has been reported [123]. Thus the keeping of complete ‘kits’ 
of freeze-dried human transplantation antigens for the typing of potential 
graft recipients and donors by one-way MLC’s seems a possibility. 


2. TRANSFER OF SPECIFIC LYMPHOCYTE REACTIVITY BY SOLUBLE FACTORS 


Recently evidence has been presented of the existence of soluble sub- 
stances which can impart to unsensitized lymphocytes the capacity to 
respond specifically to antigens by blast-cell transformation. Fireman 
et al. [124] have obtained such a dialysable ‘transfer factor’ from disrupted 
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lymphocytes of tuberculin-positive individuals, and Dumonde and his 
colleagues [25] have found a similar non-sedimentable factor to be released 
into the supernatant fluid when lymphocytes of guinea-pigs with DH to 
bovine gamma-globulin are incubated with their specific antigen. Neither 
factor was itself blastogenic (i.e., in the absence of the antigen), unlike the 
mitogenic factors mentioned above which appear in MLC’s. 

Such ‘mitogenic factors’ would provide an amplification mechanism for 
the response of hypersensitive cells to antigen nearly but not quite analogous 
to the ‘migration-inhibiting factor’ discussed in the previous section. The 
latter, also produced by hypersensitive lymphocytes, acts upon normal 
‘bystander’ cells (macrophages) even in the absence of the antigen. The 
former would provide an admirable explanation for the earlier observa- 
tion [125] that in DH transferred passively to normal guinea-pigs by the 
intravenous injection of labelled hypersensitive lymphoid cells, only 
about 3 per cent of the lymphoid cells in the skin lesions were actually 
labelled, i.e., sensitized donor cells. 


D. Summary 


In this section the evidence has been marshalled that mature lymphocytes 
can transform in vitro into large ‘blast’ cells capable of replication. This 
change can be stimulated not only by a variety of non-specific mitogens 
which act regardless of whether or not the donor of the lymphocytes has 
had previous experience of them as antigens, but also by a large number of 
antigens which stimulate mitogenesis in a specific manner characteristic of 
a secondary immune response. Thus only the lymphocytes of donors who 
have previously encountered the antigen under test and developed hyper- 
sensitivity to it which is of delayed type (with one or two possible excep- 
tions as in drug and pollen allergies) are stimulated by the antigen to 
transform in vitro. In addition, certain antigens, most importantly histo- 
compatibility antigens, have been found capable of stimulating lymphocyte 
transformation as a primary response in genetically dissimilar cells, which 
holds promise as an in vitro test for organ-graft donor versus recipient 
testing. Very recently evidence has been obtained of the production by 
sensitized or transforming cells of soluble factors which can impart to 
unsensitized cells the capacity to undergo transformation in response to 
the addition of specific antigen. 


IV. SPECIFIC CELL-MEDIATED CYTOTOXICITY IN VITRO 


In the previous two sections the demonstration of cell-mediated im- 
munity in vitro by the eliciting of. visible and measurable responses of 
Immune-competent cells induced by their specific antigens was discussed. 
Here the converse situation is discussed: the demonstration in vitro of the 
Immune powers of sensitized cells as shown by their ability to damage 
specifically cells in tissue culture bearing the appropriate antigens. Such 
cytotoxicity would provide a very realistic in vitro model of a successful 
cell-mediated immune reaction in vivo directed against living cells (e.g., 
allograft rejection, tumour immunity). 


A. Cytotoxicity towards Histo-incompatible Cells 
In 1960 Govaerts [126] first demonstrated that live (but not killed) 
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thoracic duct lymphocytes obtained from dogs that had rejected kidney 
grafts produced cytopathic effects up to cell death within 24-48 hours on 
monolayer cultures of kidney-cells derived from the second kidney of the 
donor dog. The cultured cells were not damaged by lymphocytes from dogs 
that had received kidney grafts from a ‘third-party’ donor. Rosenau and 
Moon [127] then demonstrated that splenic lymphocytes from mice 
immunized with allogeneic fibroblasts had similar effects upon further 
cultures of these fibroblasts. They were unable to demonstrate the partici- 
pation of any antibodies in this effect and it was, if anything, more efficient 
in the absence of complement. The close clustering of the sensitized 
lymphocytes about the target cells in the first 18 hours, not seen in the 
control tubes, suggested to Rosenau and Moon that actual cell-to-cell 
contact was a prerequisite for immune cytolysis. 

Many subsequent studies have confirmed the reality of specific cell- 
mediated cytotoxicity and that it is usually preceded by close co-aggrega- 
tion of the aggressor and target cells, and that humoral antibodies appear 
to play no part in the phenomenon and cannot transfer cytotoxic powers 
to normal cells. 

Rosenau and Moon then showed that the cytolytic effects were strain 
specific and, later, that they were due to an intrinsic functional modification 
of the lymphocytes rather than to their simply adsorbing any coexistent 
cytotoxic serum antibodies [128]. Thus the cytotoxicity of immune sera 
was unaffected by X-irradiation or the addition of hydrocortisone, whereas 
irradiation completely abolished, and hydrocortisone suppressed, the 
cytotoxic effects of lymphocytes. Moreover, incubation of normal lym- 
phoid cells with cytotoxic antisera did not impart cytotoxic activity to 
them. 

Wilson, in 1963, showed that the lymphocytes of skin-grafted rats or 
mice became cytotoxic by the sixth or seventh day towards cultured 
allogeneic but not isogeneic kidney cells. The lymphocytes themselves 
appeared to emerge quite unscathed from the encounter and remote 
(thoracic duct) lymphocytes were as potent as the graft-draining lymph- 
node cells. Again complement and antibodies were shown to play no part 
in the specific cytolysis. He later showed [129] an inverse exponential 
relationship between target cell survival and the number of aggressor 
lymphocytes added, and calculated that about 1-2 per cent of the draining 
lymph-node cells were immunologically active. Non-immune lymphocytes 
could all easily be washed off the target monolayers, but after 6-8 hours of 
incubation a small percentage of sensitized lymphocyte populations could 
not be so removed, and these would inflict during the succeeding 40 hours 
of culture as much damage to the target cells as the total sensitized lympho- 
cyte population left undisturbed throughout in parallel cultures [130]. 
Low doses of the immunosuppressive drug Imuran (azathioprine) not 
affecting the viability of the lymphocytes nevertheless inhibited their 
cytocidal effects. 


B. Transfer of Cytotoxic Ability to Normal Cells 

As in the other two in vitro models of cellular immunity already dis- 
cussed (MMI and transformation), attempts have been made to transfer 
the ability to manifest such immunity to normal lymphocytes by 
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means of a soluble factor obtained from the cytocidal cells. Wilson and 
Wecker using RNA [131] and Gerughty, Rosenau, and Moon [132], 
using ribosomes from sensitized lymphoid cells, have actually been able to 
impart to isogeneic non-sensitized lymphoid cells specific though weak 
cytotoxicity for the cultured allogeneic cells to which the original lym- 
phoid cells were sensitized. RNase abolished the effect. 

An in vitro model of the in vivo phenomenon of enhancement (see 
Chapter 10) has also been achieved by this technique which throws 
further light on the mechanisms involved. Erna Mdller [133] found that 
the (complement-independent) cytotoxicity of immune mouse lymphocytes 
for allogeneic tumour cells was prevented if the target cells were first 
incubated, in the absence of complement, with antibodies which were 
cytotoxic for the target cells in the presence of complement—a demonstra- 
tion of ‘efferent’ inhibition of cell-mediated immunity in vitro. 


C. Cytotoxicity in Experimental Allergic Diseases 


In 1962 Koprowski and Fernandes [134] found that draining lymph- 
node cells of rats injected with guinea-pig spinal cord in CFA, if collected 
shortly before the onset of the allergic encephalomyelitis, clustered tightly 
around puppy neuroglial cells in culture, causing their eventual lysis. Rats 
injected with the adjuvant only did not develop the disease, and their 
lymphocytes did not exhibit this ‘contactual agglutination’. Similar 
results were obtained by Berg and K4llén [135], and analogous demyelina- 
tion of cultured trigeminal ganglion nerve-fibres by lymph-node cells of 
rats with experimental allergic neuritis has been reported by Winkler [136]. 

Lymph-node cells of rabbits immunized so as to develop immune 
thyroiditis were found by Rose et al. [137] to be cytotoxic for rat thyroid 
cell cultures (i.e., inhibited their uptake of radioactive iodine) whereas 
their sera were not. Non-specifically sensitized cells were also cytotoxic 
but rather less so than the thyroid-sensitized cells. 

Bjorklund [138] similarly found the lymphocytes of some thyroid-CFA- 
sensitized rats to clump around and destroy cultured thyroid cells to a 
degree proportional to the histological severity of the thyroiditis in the 
lymphocyte donors. Ling et al. [139], however, were unable to confirm the 
results of these two studies using the same methods. 

Holm [140] found that the lymphocytes of rats with experimental auto- 
immune nephrosis damaged rat-kidney monolayers whereas their sera did 
not. The organ specificity of the cytotoxicity, however, was not complete. 


D. Cytotoxicity in Human ‘ Auto-immune’ Diseases 
The fact that many of the numerous organ-specific antibodies which have 


been demonstrated in human patients suffering from the so-called ‘auto- 
Immune diseases’ have not been proved to play any pathogenic role has 
naturally stimulated efforts to demonstrate cell-mediated cytotoxicity in 
vitro in these diseases, 

Perlmann and Broberger found, in 1963, that the circulating mononuclear 
cells of children with acute ulcerative colitis could damage cultured 
isotopically labelled foetal colon cells: significantly greater amounts of 
isotope were released than in the presence of normal blood mono- 
nuclears [141]. Cultured small intestinal, kidney, and liver cells were not 
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affected. The anti-colon effect was suppressed if the mononuclears were 
preincubated with colon antigen extracts. The children’s sera also con- 
tained colon-specific antibodies which were, however, not cytotoxic, nor 
did they impart to normal leucocytes incubated in the sera any anti-colon 
cytotoxicity. Cytotoxicity was apparent after only 2} hours, which is 
much earlier than in other studies of cell-mediated damage, this discre- 
pancy perhaps being due to the greater sensitivity of their index of cell 
damage than mere morphological observation. Contrary to all the other 
demonstrations of cellular cytotoxicity in vitro mentioned, except that of 
Govaerts [126], complement was found necessary in this study. Watson, 
Quigley, and Bolt [142] were able to confirm the cytotoxicity of ulcerative- 
colitis-circulating lymphocytes for dispersed colon cells (as measured by 
the ability of viable cells to exclude a dye), but they found that complement 
was not required. Surprisingly they found a cell-free extract of the 
disrupted lymphocytes to be at least as potently cytotoxic, which also has 
not been the case in most other studies of cell-mediated cytotoxicity. 

In multiple sclerosis antibodies to nervous system antigens have often 
been demonstrated, including factors capable of causing demyelination 
in vitro. In view of doubts about the pathogenicity of such antibodies, and 
the unquestionable role of cell-mediated immunity in experimental 
allergic encephalomyelitis, Berg and Kallén [143] tested washed circulating 
mononuclear cells of multiple sclerosis patients for cytotoxic activity in 
vitro. In one-third of their cases these cells showed ‘contactual agglutina- 
tion’ to neonatal rat glial cells in culture with subsequent destruction of the 
glial cells. Fibroblasts in the cultures remained intact; disruption of the 
leucocytes abolished their cytotoxicity. The leucocytes of normal or 
brain-damaged individuals were non-cytotoxic. It is interesting that 
cytotoxicity was not species-specific. However, in another suspected 
auto-immune disease, Hashimoto’s thyroiditis, Ling et al. [139] could 
demonstrate no cytotoxic effects of patients’ lymphocytes on cultured 
human thyroid cells. 

On the other hand, there have been several reports of the lymphocytes 
of patients suffering from the various collagen diseases being cytotoxic 
to cultured human cells, mainly fibroblasts. In rheumatoid arthritis 
Braunsteiner, Dienstl, and Eibl [144] reported inguinal lymph-node cells 
to destroy human amnion cells within 3 hours. Hedberg [145] has 
concentrated upon the mononuclear cells actually present in_ the 
diseased joints. In about one-third of the cases these cells (but not blood 
lymphocytes) were cytotoxic within 24 hours to foetal fibroblasts and 
kidney cells. Thirteen cases of non-rheumatoid arthropathies gave negative 
results. However, Sukernik, Hanin, and Mosolov [146] found that in 
19 out of 24 rheumatoid arthritic patients the separated blood lymphocytes 
clustered around and destroyed human embryo fibroblasts within 72 hours; 
normal lymphocytes were non-cytotoxic. 

In systemic lupus erythematosus (SLE) Trayanova, Sura, and Svyet- 
Moldavsky [147] found that the blood lymphocytes of all of 10 patients 
(and 2 with scleroderma) destroyed cultured foetal fibroblasts within 4-6 
days. The lymphocytes of 6 out of 7 of these patients with lupoid kidney 
involvement also destroyed cultured foetal kidney cells. Control cells 
from normal or hypertensive patients were without effect on either the 
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fibroblast or kidney cultures. Hedberg [145] had also found the synovial 
mononuclear cells of all of 3 cases of SLE to be cytotoxic to foetal fibro- 


blasts. 


E. Possible Macrophage-mediated Cytotoxicity 


Granger and Weiser [148] have reported that peritoneal exudate cells, 
which are mainly macrophages, of mice immunized with mouse sarcoma 
from a different strain adhered specifically to monolayers of the sarcoma 
in vitro and then destroyed them. The authors concluded that this effect 
might be due to preformed specific antibody bound to the macrophage 
cell-membranes and that thereafter the intimate cell contact alone resulted 
in cell destruction as a non-specific but metabolically active process. 
However, the recent findings cited in the first section of this chapter seem 
relevant here, indicating that, at least in specific MMI, specificity is 
entirely lymphocyte-mediated, with macrophages then obediently playing a 
non-specific though active role. Thus it is not excluded that by analogy the 
2-5 per cent of lymphocytes amongst Granger and Weiser’s macrophage 
populations were in fact the mediators of the specificity of the macrophage 
adherence to target cells. 


F. Relationship to the ‘ Allogeneic Inhibition’ Phenomenon 


The concept that cytotoxicity produced by either lymphocyte or 
macrophage-rich populations occurs in two stages (specific aggregation to 
target cells, followed by indiscriminate target-cell destruction) is reinforced 
by recent demonstrations of in vitro reactions (see below) corresponding to 
the in vivo phenomenon of ‘Allogeneic Inhibition’ [see 149]. Normal 
(unimmunized) lymphocytes do not aggregate upon nor cause lysis of 
allogeneic target cells, at least not within the 2-3 days usually taken by 
immune cells to cause lysis. However, when normal lymphoid cells were 
aggregated to allogeneic target renal cells [150] or sarcoma cells by non- 
specific agglutinins such as phytohaemagglutinin or heterologous anti- 
mouse-cell serum respectively, destruction of the target cells was caused 
within 18 and 48 hours respectively. That this was not simply a sort of 
non-specific ‘strangulation’ effect was shown by the fact that similar 
aggregation to isogenic target cells resulted in no cytotoxicity. However, 
the reaction could not be considered to be a conventional immune re- 
sponse either, since the lymphoid cells of F, hybrid mice, when co-aggre- 
gated with monolayers of embryonic cells of one of their parental strains, 
caused their destruction. Moreover, relatively high doses of irradiation, 
sufficient to abolish cell-mediated immunological reactions, did not 
abolish this effect. Thus this cytotoxic effect would appear to be simpl 
the result of close confrontation with histo-incompatible cells [149]. 

Moller and Moller [149] Suggest that such contactual cytotoxicity 
(allogeneic inhibition’) might be the basic effector mechanism of celli- 
mediated immune reactions as well as other processes such as the normal 
surveillance mechanism which eliminates any neoplastic (and antigenically 
altered) cells which might arise. In the former process the immunological 
specificity would be confined to causing the aggregation of the immune 
lymphocytes to their specific target cells, their lysis then following simply 
as the result of the contact between the antigenically dissimilar cells. 
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G. Cytotoxicity acquired as a Primary Immune Response in vitro 


_Although it is apparent from the controls included in many of the studies 
discussed that lymphocytes of normal individuals are not cytotoxic to 
allogeneic cells within the 48 hours or so during which sensitized cells can 
destroy target cells, it has been discovered that after several days of 
contact in culture normal cells can acquire the power to destroy xenogeneic 
and even allogeneic cells, without the aid of aggregating agents. 

Ginsburg and Sachs [151] found that normal rat lymphocytes cultured 
on mouse or rat embryo fibroblast monolayers caused no cytopathic 
effects during the first 5 days. By this time many of the lymphocytes had 
transformed into large pyroninophilic cells and lysis of the mouse-cell 
target monolayers and even of some of the rat-cell monolayers began. The 
appearances of the transformed cells and the timing of their advent 
coincide closely with those of the blast cells that appear in histo-incom- 
patible mixed lymphocyte cultures (see p. 270). Ginsburg regards this type 
of experiment as an in vitro graft-versus-host reaction induced as a primary 
response in normal lymphocytes. In support of this he was able to show 
that after 4-6 days of culture transfer of the lymphocyte suspensions, now 
rich in large transformed cells, to fresh monolayers from the same strain 
of mouse as the original monolayers, caused their complete lysis within 
only 19-24 hours. Moreover, on cells of other strains of mice the severity 
of the lysis correlated well with the degree of similarity between their 
antigens at the H2 locus and those of the original ‘sensitizing’ mouse- 
embryo fibroblasts [152]. Hirschhorn, Firschein, and Bach [153] reported 
similar destruction of human fibroblast monolayers by added normal 
unrelated human blood lymphocytes after 7-8 days of incubation, which 
they concluded was probably due to a primary immune response. Again, 
transfer of the lymphocytes at this stage to fresh fibroblast cultures caused 
their destruction after only 4 days, which was considered to be probably a 
secondary immune response. 

These studies accord with those of Gordon, David-Fariday, and 
MacLean [154] in which the in vitro sensitization of leucocytes following 
their incubation with allogeneic leucocytes for 6 days was proved sub- 
sequently by their accelerated graft-rejecting ability in vivo. 

H. Summary 

The work discussed in this fourth section of the chapter has shown that 
the washed lymphoid cells of animals sensitized so as to develop cellular 
immunity towards particular cellular antigens can ‘recognize’ cells in 
tissue culture which contain these antigens and specifically aggregate 
tightly to them and cause their destruction. This is a humoral-antibody-, 
and probably complement-, independent function of the immune cells and 
it has been reported to be transferable to normal cells by RNA fractions 
of the immune cells. Reports of organ-specific cytotoxicity shown by the 
cells of patients suffering from certain diseases support the possibility that 
cellular immune, that is auto-immune, processes may be important in the 
pathogenesis of many of these diseases, as opposed to most of the numerous 
circulating antibodies which have been discovered. 

It is now also apparent that normal lymphoid cells may become 
immunized by sufficiently protracted contact in vitro with disparate cells 
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to acquire specific cytotoxicity for these cells, this change being accompanied 
by blast-cell transformation of the stimulated lymphocytes. 
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CHAPTER 9 


CELL-MEDIATED IMMUNITY AND 
DELAYED HYPERSENSITIVITY 


By J. VERRIER JONES 
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I. INTRODUCTION 


We have already seen that an animal which has recovered from a bacterial 
or virus infection is often protected against further infections with the 
same organism. In many cases serum from an immunized animal will 
confer immunity, for a limited period, on an unimmunized animal, and 
this immunity is produced by antibodies. However, some diseases, of 
which tuberculosis is an example, though conferring lasting immunity, 
produce no protective antibodies ; immunity cannot be transferred passively 
by serum. A clue to the nature of this immunity came in 1890 (the year in 
which von Behring and Kitasato discovered antibodies), when Koch []] 
described a remarkable form of hypersensitivity in tuberculous guinea- 
pigs. Animals which had carried a tuberculous infection for 4-6 weeks 
were reinoculated with tubercle bacilli. After 24 hours a dark indurated 
nodule appeared at the site of injection which spread to become a 
sloughing ulcer. This was quite different from the response to tubercle 
bacilli in an uninfected animal, where the inoculation site healed and 
remained unremarkable until 10-14 days, when a small nodule might 
develop. 

Koch showed that this reaction, the Koch phenomenon, could be 
produced by killed tubercle bacilli and also by a cell-free extract of the 
bacteria (old tuberculin). Epstein [2], in the following year, pointed out 
that the reaction to old tuberculin could be produced in tuberculous 
children and was of value in establishing the diagnosis of tuberculosis. 
The clinical and epidemiological aspects of the tuberculin test were later 
developed by von Pirquet [3] and by Mantoux [4]. For many years there 
was confusion between immediate hypersensitivity reactions, such as the 
Arthus reaction (see Chapter 7), which can be produced by injecting 
antigens into animals with circulating antibodies, and the delayed hyper- 
sensitivity produced by tubercle bacilli. In 1925 Zinsser [5, 6] distinguished 
the two types of hypersensitivity and pointed out that the reaction to 
tubercle bacilli did not require the presence of circulating antibodies. The 
tuberculin reaction, because of its slow development, was known as 
‘delayed hypersensitivity’. Zinsser pointed out that it is by no means 
unique to tuberculin and can be demonstrated with a number of other 
bacterial antigens. 

_ In 1926 Dienes and Schoenheit [7] showed that guinea-pigs could be 
induced to develop delayed hypersensitivity to egg albumin and to horse 
serum. The antigen was introduced directly into a tuberculous lesion, and 
the animals were tested 3-10 days later. In 1934 Jones and Mote [8] 
accidentally discovered that humans could also develop delayed hyper- 
sensitivity to foreign serum proteins. In the course of research into 
streptococcal allergy in patients with rheumatic fever they had occasion 
to inject rabbit peritoneal exudate intradermally in minute amounts 
(0-1 ml. of a 1/1000 dilution) and 57 out of their 70 patients developed 
delayed hypersensitivity to rabbit serum. They showed that this was 
Sf nema, noe oom by antibody produciion ani the develoamag 
weaker and more transient han Mastic PibeecAk Reece ee i 
pA rrr thang eR in hypersensitivity, became 
ones-Mote phenomenon’. 
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Landsteiner, who contributed so much to the study of antibodies, 
turned to delayed hypersensitivity and showed that simple chemical 
substances, such as dinitrochlorobenzene (DNCB) and picryl chloride, 
would produce delayed hypersensitivity in guinea-pigs [9]. They appear to 
act as haptens, interacting with cellular proteins in the epidermis. It was 
found that, like the tuberculin reaction, neither the delayed hypersensitivity 
to foreign proteins nor that to simple haptens could be transferred from a 
sensitized to an unsensitized animal by serum. In 1942, more than SO years 
after the original description of delayed hypersensitivity by Koch, the 
means of transferring it was at last found. Landsteiner and Chase [10] 
showed that hypersensitivity to picryl chloride could be transferred, in 
guinea-pigs, by peritoneal exudate cells, and in 1945 Chase [11] succeeded 
in transferring tuberculin hypersensitivity in the same way. 

The term ‘cellular immunity’ or ‘cell-mediated immunity’ is now used 
to describe those types of immunity in which antibodies cannot be 
demonstrated and which can be transferred by sensitized cells. Delayed 
hypersensitivity is one of the means of detecting cellular immunity. Apart 
from the conditions we have mentioned, cellular immunity is an important 
component in the rejection of grafts of foreign tissue (see Chapter 10) and 
in the development of some types of auto-immune disease (see Chapter 12). 
The whole topic of delayed hypersensitivity and cellular immunity has 
recently been reviewed, in an extensive monograph, by Turk [12]. Much 
of the material in this chapter derives from this readable and compre- 
hensive book. An excellent, brief review by Uhr [13] covers similar 
ground in summary. 


Il. THE ELICITATION OF DELAYED HYPERSENSITIVITY 
A. The Tuberculin Reaction and its Histology 


The model for delayed hypersensitivity reactions is the tuberculin test 
(the Mantoux reaction). Old tuberculin is prepared (after the original 
recipe by Koch) by maintaining Mycobacterium tuberculosis in glycerin- 
broth culture for 6-8 weeks, concentrating it by boiling, and removing the 
bacteria by filtration. The filtrate is used in a dilution of 1/100, 1/1000, 
or 1/10,000, and 0-1 ml. (containing 100, 10, or | tuberculin units (t.u.) 
respectively) is injected intradermally. ‘Purified protein derivative’ 
(PPD) is a preparation of the active tuberculoprotein, obtained by 
precipitation from the culture filtrate with ammonium sulphate, and can 
be used instead of Old Tuberculin (OT). + . 

After the intradermal injection of OT or PPD in a sensitive subject, 
there is no change for 2-4 hours. The skin then becomes pink in an area 
surrounding the injection, and an indurated lump develops gradually, 
reaching its maximum size in 48-72 hours, then fading gradually during 
the following week. Higher doses produce more rapid and more severe 
reaction, and may be associated with blistering and stripping of the 
epidermis and with petechial haemorrhages. A sensitive subject, for the 
purpose of this test, is one who has, or has recovered from, tuberculosis. 
Guinea-pigs can be rendered tuberculin-positive by infection with tuber- 
culosis or by injection of killed tubercle bacilli in oil or wax [14]. 


288 BASIC IMMUNOLOGY 


istology of the tuberculin reaction has been studied intensively for 
Pea snc was first described by Auché and Augustrou [15], and 
it is noticeable that there is still disagreement over details. Dienes and 
Mallory [16] studied the histology of the tuberculin reaction in guinea- 
pigs and Gell and Hinde [17] in rabbits. The cellular responses are 
similar in most species: minor differences can generally be attributed to 
anatomical differences in the skin, which may be more or less cornified 
and more or less hairy. 






























































































































































Fig. 56.—The tuberculin reaction. A, Skin from tuberculin-negative human 
subject inoculated 48 hours previously with 100 units PPD. B, Skin from tuberculin- 
sensitive human subject inoculated 48 hours previously with 10 units PPD. There 
is a dense infiltrate of mononuclear cells around the hair follicles, sweat-glands, 
sebaceous glands, and blood-vessels. C, Venule in deep plexus with mononuclear 
cells, mainly small lymphocytes. Reproduced from J. H. Humphrey and R. G. 
White (1964), ‘Immunology for Students of Medicine’, by kind permission of 
Blackwell Scientific Publications, Oxford. 
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The earliest changes are those of inflammation: at 4 hours many of the 
small arteries, arterioles, capillaries, venules, and lymphatics are dilated 
and there is oedema of the dermis. Gell and Hinde, comparing the 
tuberculin reaction with the response to injected tuberculin in a control 
(unsensitized) animal, found that these changes were comparable in test 
and control animals, though in the test animal there was at this stage a 
slight serous exudate. At 4-6 hours in both guinea-pigs and rabbits there 
was a diffuse infiltration of the dermis with polymorphs. The dilated blood- 
vessels are full of polymorphs, and the endothelial and perithelial cells of 
the vessels themselves are hyperplastic. Around the vessels are collections 
of mononuclear cells. Most are phagocytic cells, derived either from 
circulating monocytes or from histiocytes in the tissues. 

At 22-24 hours the picture has changed (Fig. 56). The test lesion is now 
clearly differentiated from the control. The vascular dilatation is subsiding 
and mononuclear cells greatly outnumber the degenerating polymorphs. 
Capillaries are plugged with leucocytes, and there is a dense infiltration of 
mononuclear cells surrounding the blood-vessels. Most of these are 
histiocytes, though there are a few lymphocytes. Whorls of lymphocytes 
are seen in the superficial dermis with occasional plasma cells. The 
infiltration with mononuclear cells spreads diffusely through the dermis, 
where the majority of cells are histiocytes. 

Gell and Hinde [17] compared the tuberculin reaction with an acute 
inflammatory response produced by the injection of brain phospholipid. 
The main difference was that in both the 4-hour and 22-hour lesions 
polymorphs were the dominant cells. There was much less infiltration 
with mononuclear cells and lymphocytes were rare. Boughton and 
Spector [18] reviewed the tuberculin reaction in guinea-pigs in detail and in 
particular attempted to determine the origin of the mononuclear cells 
which form so striking a part of the cellular reaction. They found two 
peaks of leucocyte migration; the first, at 3 hours, was subsiding at 5 hours 
and occurred in non-sensitized as well as sensitized animals. The second 
peak occurred at 8 hours (in sensitized animals only) and was subsiding 
gradually at 24-28 hours. They pointed out that while mononuclear cells 
emigrating from blood-vessels will remain in the tissues for a number of 
days, polymorphs, once they have left the circulation, degenerate rapidly. 
This will partly account for the early predominance of polymorphs in the 
exudate and the later dominance of mononuclear cells. Spector and his 
co-workers [19, 20] studied the origin of cells in inflammatory granulo- 
mata by labelling mononuclear cells with tritiated thymidine, and by 
injecting colloidal carbon to mark phagocytes. Their conclusions are 
probably applicable to the lesions of hypersensitivity. They found that 
the mononuclear infiltrate at 12 hours was derived mainly from blood 
monocytes. This was followed by proliferation of cells in the blood-vessel 
walls and of histiocytes and macrophages in the tissue. They found that 
monocytes emigrate at a constant rate (210° cells per 24 hours) for a 
prolonged period. 

The identification of the cells involved in delayed hypersensitivity is of 
considerable interest. We have seen that in antibody production the first 
cell to react with antigen after it has been processed by the macrophages is 
probably the lymphocyte. Subsequently lymphocytes, or their descendants, 
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and the related plasma cells are the eventual antibody-forming units. It 
has been demonstrated that antibody-producing cells and their precursors, 
the antigen-reactive units, are probably unipotent and committed to a 
single antibody (see Chapter 4). Experiments have shown that lympho- 
cytes will transfer delayed hypersensitivity from a sensitized to an 
unsensitized animal (see p. 304). If antibody-producing cells are unipotent 
it would be surprising if the lymphocytes involved in delayed hyper- 
sensitivity were not also unipotent. In order to test this it is necessary to 
have a clear picture of what part lymphocytes play in delayed hyper- 
sensitivity and what their origin is. In general, lymphocytes can be 
regarded as the immunologically specific cells in a delayed hypersensitivity 


AL 
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Fig. 57.—Agranular leucocytes of human blood. A, Lymphocyte. Reproduced 
from W. Andrew (1966), ‘Microfabric of Man’, by kind permission of Yearbook 
Publishers, Chicago. B, A monocyte from the peripheral blood, with a small lympho- 
cyte (1) alongside. Reproduced from S. J. Piliero, M.S. Jacobs, and S. Wischnitzer 
(1965), ‘Atlas of Histology’, by kind permission of Lippincott, Philadelphia. 


reaction, while the other cells mainly involved (macrophages and histio~ 
cytes) are phagocytic and seem not to be involved in an immunologically 
specific role. 

It is important, then, to be able to distinguish lymphocytes from 
phagocytes in a delayed hypersensitivity reaction. This distinction is 
usually straightforward. Lymphocytes (Fig. 57A) are small, round cells, 
with scanty cytoplasm and a densely staining nuclei, showing a coarse 
pattern of chromatin. Histiocytes, by contrast, have an abundant 
cytoplasm containing occasional small granules. The nucleus 1s typically 
kidney-shaped and, because of its finely reticular chromatin, appears pale. 
However, Spector and Lykke [19], in their study of developing granulo- 
mata, described small round cells, which, although they had arisen from 
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histiocytes, closely resembled lymphocytes morphologically. It 1s reason- 
able to conclude that not all small round cells are necessarily lymphocytes, 
and that in delayed hypersensitivity, as in political demonstrations, it 1s 
rather easy for bystanders to become confused with participants. 

In addition to the cellular reaction in the dermis during delayed hyper- 
sensitivity, there are striking changes in the epidermis. In both the guinea- 
pig [16] and the rabbit [17] the epidermis becomes strikingly thickened 
within 24 hours of the injection of tuberculin. In the guinea-pig, where the 
epidermis is normally three cells deep, it may increase to ten cells, and in 
rabbits it may increase from two to six cells in depth. 

If the tuberculin reaction is studied beyond 48 hours the lesion gradually 
comes to resemble a chronic inflammatory granuloma (Fig. 58), such as is 
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Fig. 58.—A granuloma from human skin. A whorl of epithelioid cells is seen, 


surrounded by lymphocytes. A multinucleate giant cell is seen to the right of the 
figure. (x 375.) 


seen in the course of a natural tuberculous infection [21]. The histiocytes 
develop into ‘epithelioid’ cells [22], which have very large ovoid nuclei, 
with pale chromatin and prominent nucleoli. The cytoplasm is copious 
and pale. At this stage giant cells begin to appear. These are enormous 
cells, with a number of quite distinct nuclei embedded in abundant pale 
cytoplasm. Spector and Lykke [19] showed that colloidal carbon. which 
is taken up by phagocytes and appears first in the macrophages, histiocytes, 
and epithelioid cells, is later seen in giant cells. It seems likely that these 
curious structures are formed by the amalgamation of a number of 
separate histiocytes possibly after ingesting polymorphs or lymphocytes, 
or even by cannibalism. Giant cells are also seen in granulomata produced 
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in response to foreign materials such as liquid paraffin and may be 
associated with the removal of necrotic tissue [23, 24]. 


B. Delayed Hypersensitivity to Other Antigens and its Histology 


1. Animals can be induced to develop delayed hypersensitivity to a 
wide range of antigens. Gell [25] studied the histology of delayed hyper- 
sensitivity reactions produced in the guinea-pig to proteins or hapten— 
protein complexes and showed that the histology was very similar to that 
of the tuberculin reaction. Goldberg, Kantor, and Benacerraf [26] used 
the electron microscope to study the delayed hypersensitivity reaction to 
ferritin in guinea-pigs. Ferritin particles are visible under the electron 
microscope, so that antigen could be localized exactly. They found ferritin 
in phagolysosomes in histiocytes. This localization did not appear to be 
immunologically specific. Ferritin was not bound to lymph-node cells 
from immunized animals; there was no evidence that sensitized lympho- 
cytes carried cell-bound antibody. 

2. Martins and Raffel [27] compared the histology of the typical 
delayed response to tuberculin with the weaker, transient Jones-Mote 
type of hypersensitivity, which can be produced with smaller doses of 
tuberculoprotein and which is usually followed by antibody production. 
They found that the cellular changes were similar in general outline to 
those seen in the typical tuberculin test, but that they developed rather 
more slowly. There were fewer lymphocytes and less tissue necrosis. In 
the later stages of the Jones-Mote reaction there were numerous plasma 
cells. They argued that the differences were sufficiently marked to suggest 
that the mechanisms for delayed hypersensitivity and the Jones-Mote 
reaction were different. However, Turk, Heather, and Diengdoh [28], 
using histochemical techniques to study the cellular infiltrates, were 
unable to find any striking differences between delayed hypersensitivity 
and the Jones-Mote reaction. 

3. The third important type of delayed hypersensitivity is that developed 
to simple chemical compounds, such as dinitrochlorobenzene (DNCB) 
and picryl chloride. Unlike the antigens described previously, which are 
injected intradermally to elicit delayed hypersensitivity, the chemical 
allergens are effective when applied to the surface of the skin. This may 
partly account for the rather different histological pattern seen in the 
reaction to chemical sensitizers. Recent detailed accounts of the histology 
of the reaction to DNCB have been published by Flax and Caulfield [29], 
who included electron microscopic observations, Turk, Heather, and 
Diengdoh [28], who used histochemical methods to distinguish the various 
types of cell involved, and Ove Groth [30, 31, 32, 33], who used careful 
quantitative techniques of cell counting. The most striking difference 
between this reaction and reactions of the tuberculin type 1s the absence 
of the biphasic infiltration with polymorphs. DNCB in high concentra- 
tions may have a direct toxic effect on the skin, and the resulting tissue 
necrosis is often associated with some polymorph infiltration [34]: apart 
from this, lymphocytes are the dominant cells throughout. A second 
difference is that in contact sensitivity the proportion of macrophages 1s 
lower than in the tuberculin reaction. Otherwise the general pattern of the 
reaction to contact allergens 1s similar to the tuberculin response. Within 
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6-8 hours after application of the allergen there is oedema of the basal 
layers of the epidermis and a round-cell infiltration of the superficial 
dermis and the deeper layers of the epidermis. The oedema increases and 
the cellular infiltrate becomes more intense and more widespread up to 
about 12 hours. It then remains fairly constant, until the reaction begins 
to subside at 48-72 hours. Turk, Rudner, and Heather [35] showed that 
appearances in human skin were remarkably similar to those seen in the 
guinea-pig. In the later stages of the reaction in humans, epithelioid and 
giant cells may be seen. 


I1l. THE INDUCTION OF DELAYED HYPERSENSITIVITY 
A. Inducing Antigens 
1. TUBERCLE BACILLI 


We have discussed the histology of the tuberculin response and its 
analogues because delayed hypersensitivity is one of the indicators of 
cellular immunity, in the same way that the antigen-antibody reaction is 
an indicator of humoral immunity. A delayed hypersensitivity reaction 
can be defined as one having the gross and histological characteristics of 
the tuberculin test, and an antigen which provokes this reaction can be 
defined as a delayed hypersensitivity antigen. It is convenient to distinguish 
two separate aspects of delayed hypersensitivity. The introduction of 
antigen into a non-immunized animal leads to the induction of delayed 
hypersensitivity, while subsequent doses of antigen result in the elicitation 
of delayed hypersensitivity. In a sense, the induction phase corresponds 
to the primary phase of antibody production, while elicitation corresponds 
to the secondary response. Up to now we have been considering ways of 
eliciting delayed hypersensitivity. We can now consider the process of 
induction. In considering antibody production we looked first at the fate 
of administered antigen and its handling by the lymph-nodes. In parallel, 
we can now consider delayed hypersensitivity antigens and their fate, and 
the histological changes which follow their arrival in a lymph-node. 
A sharply defined difference between work in the two fields will soon 
become apparent. In antibody production we are dealing with a measur- 
able effect, which challenges the development of techniques of increasing 
sensitivity. Since antibody can be quantitated it can be subjected to 
experimental investigation in a wide range of different conditions, which 
may either increase or diminish it. In delayed hypersensitivity we are 
considering the microscopic appearances of groups of cells and their 
changing configuration in time. Delayed hypersensitivity reactions are 
either present or absent. Quantitation has only limited applications and 
the outcome of the most sophisticated cellular manceuvres is often 
restricted to the observation of whether or not a guinea-pig develops pink 
spots. Despite the difficulty of quantitation, delayed hypersensitivity and 
cellular immunity are involved in some of the most challenging and 
rapidly advancing areas of present-day immunological research, and if 
ae ee the techniques are elementary they are all the more readily 
available. 


What type of antigens will produce delayed hypersensitivity? We have 


already discussed the tuberculin reaction. It occurs in animals which have 
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been infected with tubercle bacilli, but can also be produced by injecting 
killed mycobacteria in oil or a modified non-virulent strain, ‘bacille 
Calmette-Guerin’ (BCG) [14, 36]. Intradermal injections are more 
effective than subcutaneous injections. Just as there is a latent period in 
the induction of antibody production, so there is a latent period before 
delayed hypersensitivity can be demonstrated. For tubercle bacilli this is 
4-5 days [36]. 


2. OTHER BACTERIA, FUNGI, AND PROTOZOA 


The tuberculin reaction has been more extensively studied than any 
other natural delayed hypersensitivity reaction. Reactions of delayed 
hypersensitivity can, however, be induced by a number of other natural 
antigens. The leprosy bacillus (Mycobacterium leprae) is a close relative 
of the tubercle bacillus, and an antigen (lepromin) derived from the tissue 
of leprous patients will produce delayed hypersensitivity in some patients 
with leprosy. D’Arcy Hart and Rees [37] have described this reaction in 
detail and conclude that it is analogous with hypersensitivity to tuberculin. 

A number of other bacteria have been shown to produce delayed 
hypersensitivity. Salmonella typhi, Pfeifferella mallei, and Brucella abortus 
are all effective; antigens derived from culture filtrates (typhoidin, mallein, 
and abortin) will produce delayed hypersensitivity in infected animals [12]. 
Streptococcus viridans also produces delayed hypersensitivity, and a 
nucleoprotein derived from pneumococci will evoke delayed hyper- 
sensitivity in animals previously injected with pneumococci [38]. Humans 
who have had diphtheria, or who have acquired active immunity as a 
result of inoculation with diphtheria toxoid, show a delayed hyper- 
sensitivity to diphtheria toxin. This interferes with the Schick test, 
which was of considerable epidemiological importance at the time when 
diphtheria was a major killing disease [39]. Injections of diphtheria 
toxoid, in adjuvant or combined with antibody, will produce a transient 
delayed hypersensitivity in guinea-pigs of the Jones-Mote type [40, 41]. 

A number of pathogenic fungi are known to produce delayed hyper- 
sensitivity in man and animals [42]. They include Actinomyces bovis, 
Nocardia asteroides, Candida albicans, Cryptococcus neoformans, Blasto- 
myces  dermatitidis, Coccidioides immitis, Histoplasma capsulatum, 
Hormodendrum pedrosoi, Sporotrichum schenckii, and Trichophyton spp. 
Cross-reactions between the fungal antigens are common. 

Delayed hypersensitivity to protozoal antigens has rarely been shown 
convincingly. This may be because it is rarely looked for. Frenkel [43] 
found that humans infected with Toxoplasma gondii developed delayed 
hypersensitivity reaction to a saline extract of toxoplasma, and Montenegro 
[44] demonstrated a delayed hypersensitivity reaction to an extract of 
Leishmania tropica in patients with cutaneous leishmaniasis. In general, 
it is surprising to find that an enormous amount of effort has been devoted 
to studying the humoral aspects of immunity to protozoa, while hardly 
any attention has been paid to cellular aspects. 


3. VIRUSES 


Jenner gave the first description of delayed hypersensitivity in 1798 [45], 
when he described the effect of an intradermal inoculation of material 
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from a small-pox lesion into the arm of a milkmaid who had previously 
recovered from cow-pox. Because of the cross-reactivity between the 
small-pox and cow-pox viruses, the girl, who had developed delayed 
hypersensitivity to cow-pox as a result of her infection, demonstrated 
delayed hypersensitivity to small-pox as well. Jenner not only described 
and defined the reaction, but also clearly recognized its relevance to 
immunity. ‘Indeed’, he writes, ‘it becomes almost a criterion by which 
we can determine whether the infection will be received or not.’ The 
production of delayed hypersensitivity by viruses as a whole has been 
reviewed by Allison [46]. Experimental studies have provided strong 
evidence that delayed hypersensitivity is important in the response to 
vaccinia and variola (small-pox); Pincus and Flick [47, 48] found that 
delayed hypersensitivity to inactivated virus developed 4 days after 
primary vaccination. An antigen from mumps virus will produce a 
delayed hypersensitivity reaction in those who have had mumps and gives 
a useful indication of immunity. Herpes simplex virus has also been 
reported to cause delayed hypersensitivity [49]. The duration of delayed 
hypersensitivity to virus infections has not been studied systematically. 
Natural infections with measles or small-pox are followed by a prolonged 
period of immunity (and presumably of delayed hypersensitivity) while the 
protection afforded by small-pox vaccination declines over 5—10 years. 


4. PROTEIN ANTIGENS 


Foreign proteins can also be used to produce delayed hypersensitivity 
(the Jones-Mote phenomenon). In 1929 Dienes and Schoenheit [50] 
Showed that guinea-pigs would develop delayed hypersensitivity to 
ovalbumin and horse serum if the antigen was injected into a tuberculous 
focus. Dienes and Mallory [51] later showed that delayed hypersensitivity 
could be produced in uninfected guinea-pigs and rabbits by the intra- 
peritoneal injection of 5 mg. of egg-white or 0-1 ml. of horse serum. The 
reaction was stronger in the infected than in uninfected animals, but not 
qualitatively different. A positive reaction was detected at 3 days in 
infected animals and at 6 days in uninfected animals. They did not 
establish the duration of the latent period, but it must have been less than 
3 days. Uhr et al. [40] showed that diphtheria toxoid and ovalbumin 
produced delayed hypersensitivity in guinea-pigs when injected intra- 
dermally in the form of antigen-antibody complexes in antibody excess, 
and Salvin [41] showed that diphtheria toxoid or ovalbumin was effective 
if injected with Freund’s incomplete adjuvant. Salvin found negative 
skin reactions in animals tested 3 days after injection of antigen. At 4 days 
delayed hypersensitivity was demonstrated, which persisted for up to 25 
days. The latent period for diphtheria toxoid was related to the dose. 
With smaller doses the latent period could be as long as 6 days. During 
the period of delayed hypersensitivity, reactivity could be transferred from 
sensitized to non-sensitized animals by lymph-node cells In Salvin’s 
experiments (Fig. 59) delayed hypersensitivity was followed by antibody 
production, and tuberculin-type skin reactions were replaced by Arthus 
reactions (see Chapter 7) after a variable time, depending on the dose of 
antigen. With smaller doses of antigen (0-03 ug. ovalbumin) delayed 
hypersensitivity lasted for about 13 days, before being replaced by 
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antibody production. With larger doses (0:3 ng. ovalbumin) the change- 
over took place at 8 days. With very small doses of diphtheria toxoid 
(0-01 Lf) delayed hypersensitivity continued to the end of the experiment 
(25 days) and there was no antibody production. If tubercle bacilli were 
injected with diphtheria toxoid, delayed hypersensitivity to toxoid was 
more marked and persisted longer before being overtaken by antibody 
production. 





Antibody Production 














0 3 6 9 12 15 18 21 24 
Days 

Fig. 59.—Guinea-pigs were injected with three doses of diphtheria toxoid in 

incomplete Freund’s adjuvant and tested at intervals for delayed hypersensitivity 

and antibody production. The smallest dose (0:01 Lf) produced delayed hyper- 


sensitivity only. The largest dose (300 Lf) produced transient delayed hyper- 
sensitivity followed by sustained antibody production. After Salvin. 


Raffel and Newel [52], following up the work of Uhr et al. [40], 
confirmed that transient delayed hypersensitivity could be induced by 
antigen-antibody complexes injected intradermally. After 2-3 weeks 
most animals had lost this hypersensitivity. They showed that a similar 
degree of hypersensitivity could be induced with the same amount of 
antigen in incomplete adjuvant and, like Salvin, found that delayed hyper- 
sensitivity was gradually followed by antibody production. In animals 
tested 20 days after sensitization it was found that the greater responses 
were in those stimulated with larger amounts of antigen, while those given 
smaller doses of antigen had often lost all reactivity. They were the first 
to suggest the term ‘Jones-Mote reactivity’ to describe this early, transient 
form of delayed hypersensitivity and suggested that it was qualitatively 
different from tuberculin-type hypersensitivity. This point is discussed in 
more detail in connexion with the histology of the lesions (p. 293). 

Sell and Weigle [53] confirmed that delayed hypersensitivity could be 
produced when guinea-pigs were injected with bovine gamma-globulin 
(BGG) in the form of antigen-antibody complexes in incomplete adjuvant. 
Antibody production and the Arthus reaction appeared at day 12, and, 
interestingly, a delayed reaction reappeared in some animals after 24 and 
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27 days. They also showed that delayed hypersensitivity could be blocked 
if antigen were given intravenously before the intradermal test dose. 

In summary: when delayed hypersensitivity to protein antigens is 
induced there is a latent period of about 3 days, the length of which 
varies inversely with the dose of antigen. This is followed by a period of 
delayed hypersensitivity which may last for a few days or several weeks, 
The duration of this period is also related inversely to the dose of antigen. 
It is terminated, in many cases, by a phase of antibody production, when 
delayed hypersensitivity may be masked by the Arthus reaction. Finally, 
if the animals are studied for longer periods delayed hypersensitivity may 
reappear. 


5. CONTACT ALLERGENS 


Landsteiner, who had studied in detail the specificity of antibodies 
produced against chemical haptens, found that simple molecules were also 
capable of producing delayed hypersensitivity. With Jacobs [54, 55] he 
tested substituted benzene compounds, including p-nitroso-dimethylaniline 
and various nitrochlorobenzenes, and found that some were strong 
sensitizers while other structurally similar compounds were ineffective. 
He showed that those substances which produced sensitization had 
reactive chloro- and nitro-groups which were labile when treated with 
alkali, and that they also readily formed substitution compounds with 
aniline. He suggested that this reactivity enabled them to combine more 
readily with proteins in the skin, and that the hapten—protein complex then 
behaved as an antigen. This view has been confirmed by later work. Eisen, 
Orris, and Belman [56] found that the ability of dinitrophenyl compounds 
to elicit delayed hypersensitivity correlated with their ability to combine 
with proteins in vivo and in vitro. Epstein [57] found a similar correla- 
tion with the ability of dinitrophenyl compounds to induce delayed 
hypersensitivity. 

After they have been painted on the skin both dinitrochlorobenzene 

(DNCB) and dinitrofluorobenzene (DNFB) lose their halogen atoms and 
are converted into dinitrophenyl groups. In this form they are bound in 
the epidermis, principally to the e-amino groups of the lysine residues in 
cellular proteins [58]. 
_ While protein antigens will produce delayed hypersensitivity best if 
injected intradermally with adjuvant, the chemical allergens are effective 
after a single application to the skin. DNCB can be applied in various 
ways: 0-002 ml. of a 50 per cent solution in acetone is recommended by 
Turk [12] for sensitizing guinea-pigs, while Aisenberg [59] has used 
0-1 ml. of 10 per cent DNCB in humans. Oxazolone (2-ethoxymethylene- 
5-oxazolone) is effective in guinea-pigs if 0-2 ml. of a 10 per cent solution 
in ethanol is applied to the ear. A single application in each case will 
produce delayed hypersensitivity within 5 days. 

Not many workers have reported quantitative studies of the effect of 
varying the dose of chemical allergens on the latent period and duration of 
hypersensitivity. Frey [60] showed that after a dose of 0-1 mi. of 0-1 per 
cent DNCB, guinea-pigs became sensitized in 4-10 days. The sensitivity 
lasted for 30-90 days; it may have been artificially lengthened by the 
frequent small doses of DNCB used in testing. Epstein and Kligman (61) 
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studied the effect of sensitizing humans with varying doses of DNCB and 
p-mtrosodimethylaniline (NDMA). They found that 5 per cent of their 
Subjects were sensitized with 0:0005 molar DNCB and none with the 
same strength of NDMA. With 0-05 molar solutions, 91 per cent were 
sensitized to DNCB and 80 per cent to NDMA. There is very little 
evidence available on the rate of decay of delayed hypersensitivity to 
chemical allergens in humans. 

In summary, delayed hypersensitivity can be induced by infection with 
tuberculosis or other bacterial, viral, fungal, or protozoal agents, by 
intradermal injection of foreign proteins and toxins (with or without 
adjuvants), and by epidermal contact with chemical allergens. Though 
there are differences in detail between the effects of these agents, there are 
enough similarities for us to consider them as a group, and to conclude 
that we are dealing with a branch of immunology as important and as 
far-reaching as the humoral immunity resulting from antibody production. 


B. The Role of the Skin and Lymph-nodes 


When antigen is injected into or painted on the skin of an unsensitized 
animal it is rapidly carried to the draining lymph-nodes. It has been 
shown that the development of delayed hypersensitivity can be prevented 
by removal of an area of skin within 16 hours of the application of a 
chemical allergen [62]. If the skin is removed more than 16 hours after 
the application of antigen, sensitization is not prevented [63]. Freund and 
Lipton [64] examined the production of allergic encephalomyelitis in 
guinea-pigs by injecting an emulsion of spinal cord in adjuvant. The 
development of clinical and histological evidence of encephalomyelitis is a 
sensitive indicator of delayed hypersensitivity, and in this system sensitiza- 
tion could not be prevented if the injection site was excised after only 
1 hour. 

Frey and Wenk [62] studied the role of the skin site in the induction of 
delayed hypersensitivity by using an area of skin which was linked to the 
guinea-pig only by a vascular pedicle. Lymphatic drainage was completely 
severed. They found that DNCB applied to this isolated skin fragment 
failed to sensitize the animals; this implies that for effective sensitization 
it is necessary for antigen to travel via lymphatics from the skin to the 
draining lymph-node. Lymphatic connexions are not, however, necessary 
for the expression of delayed hypersensitivity. Frey and Wenk found that 
isolated skin fragments would develop delayed hypersensitivity if the 
animal had previously been sensitized in the normal way. The cells 
responsible for the expression of delayed hypersensitivity are therefore in 
circulation, and reach the site of a delayed hypersensitivity reaction by 
escaping from the local blood-vessels. wae 

The next step, then, in following the induction of delayed hypersensitivity 
is to study the changes in the draining lymph-node. These have been 
extensively investigated by Turk [12]. Gallone, Radici, and Riquier [65] 
had briefly described lymph-node changes accompanying the rejection of 
skin homografts, but it was Scothorne and McGregor [66] who first 
published a detailed account of lymph-node histology during graft 
rejection. They exchanged skin-grafts from the dorsum of the ear in 
rabbits and studied the preauricular node. They found that changes were 
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arly as 2 days after grafting and were confined to the first draining 
Rader the side of eerhore Nodules appeared at the corticomedullary 
junction and contained numerous large (15 » diameter) cells, which were 
round or ovoid, with prominent nucleoli, a pale nucleus, and vacuolated 
cytoplasm staining strongly with pyronin (Fig. 60A). These cells have 
been termed ‘large pyroninophilic cells’; Dameshek [67] has called them 
‘immunoblasts’ and it has now been found that they appear in lymph- 
nodes which are being stimulated by a delayed hypersensitivity antigen. 





Fig. 60.—Electron micrograph of immunoblast. There is a large nucleus with 
loosely arranged chromatin. There are clusters of ribosomes in the cytoplasm. The 
endoplasmic reticulum is scanty. Reproduced from §S. de Petris, J. G. Karlsbad, 
B. Pernis, and J. L. Turk (1966), ‘International Archives of Allergy and Applied 
Immunology’, vol. 29, p. 112, by kind permission of Karger, Basel. 


Oort and Turk [68] studied the changes in the structure of guinea-pig 
lymph-nodes during the induction of delayed hypersensitivity to oxazolone. 
Two days after sensitization the nodes developed active follicles in the 
cortex, which compressed the medulla and which were quite distinct from 
the germinal follicles which appear during antibody production. Oort and 
Turk called these ‘paracortical areas’ and showed that they contained 
large numbers of immunoblasts. Four days after sensitization the para- 
cortical areas occupied a large portion of the medulla and contained even 
more immunoblasts. At 6 days immunoblasts had decreased in numbers 
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and were replaced by small lymphocytes. Labelling with *H-thymidine 
suggests that the small lymphocytes are the descendants of immuno- 
blasts. The morphology of the lymph-node contrasted sharply with the 
appearances seen after the subcutaneous injection of 10 wg. of pneumo- 
coccal polysaccharide. This antigen induces antibody production, but 
no delayed hypersensitivity. Fifteen days after injection germinal centres 
began to appear in the cortex and plasma cells accumulated in the 
medulla. The ‘paracortical areas’ did not develop and there were no 
immunoblasts (Fig. 61). Turk suggested that these two alternative patterns 
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Fig. 61.—Diagram to represent the contrast between lymph-node changes during 
antibody production and those during delayed hypersensitivity. Reproduced from 
J. L. Turk (1967), ‘Delayed Hypersensitivity’, by kind permission of North-Holland 
Publishing Company. 


of lymph-node stimulation are fundamental to the two types of immuno- 
logical response and pointed out that in the response to natural antigens, 
in bacterial or viral infections, the changes will be a mixture of the ‘ para- 
cortical area-immunoblast’ pattern and the ‘germinal centre—-plasma 
cell pattern’, depending on the proportion of cellular and humoral 
immunity evoked by a particular antigen. 

Immunoblasts appear to play an important part in delayed hyper- 
sensitivity, and it is therefore relevant to consider their nature and role in 
more detail. Studies with the electron microscope [69, 70] have shown 
that they have large round nuclei (Fig. 60), with one or several prominent 
nucleoli. There are very numerous ribosomes in clusters of 4-6. The 
presence of polyribosomes indicates that they are synthesizing protein. 
The synthesis of large amounts of protein for export from the cell is usually 
associated with the presence of an abundant endoplasmic reticulum, as In 
plasma cells (see Chapter 4). It is, therefore, interesting that immuno- 
blasts contain no endoplasmic reticulum or, at most, a few strands. It 
seems likely that immunoblasts are manufacturing protein which is largely 
retained within the cell. The nature of this protein will be an important 
key to our understanding of the mechanism of delayed hypersensitivity. 
Some form of immunoglobulin molecule might be expected, but so far 
none has been demonstrated. 
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Before we can discuss the role of immunoblasts we need to know where 
they come from and where they go. The origin of immunoblasts was 
studied by Gowans et al. [71]. They injected a suspension of rat small 
lymphocytes into irradiated mice. Spleens from the mice were examined 
up to 60 hours later and showed numerous immunoblasts, all of which had 
originated from rat cells. Porter and Cooper [72] injected lymphocytes 
from male rats into newborn female rats. Again the immunoblasts were 
found to have originated from donor cells. There is therefore strong 
evidence that immunoblasts can develop from donor cells in allogeneic 
hosts; it is also highly likely that they are formed from small lymphocytes. 

The fate of immunoblasts is less certain. On the fourth day after 
sensitization, when immunoblasts are at their maximum, lymph-node cells 
become capable of transferring sensitivity to an unsensitized recipient. 
Immunoblasts leave the lymph-node 5 days after sensitization, and if the 
sensitized node is removed at or after this stage the animal retains its 
sensitization. Immunologically competent cells must have left the gland, 
to settle and proliferate in other centres. Both these observations are 
compatible with the theory that immunoblasts are immunologically 
competent cells, but direct experiments will be needed before this can be 
more than a plausible guess. 

To sum up, in the induction of delayed hypersensitivity the site of 
application can be excised after 16 hours (for chemical allergens) or after 
1 hour (for antigens in adjuvant) without affecting the development of 
sensitivity. The draining lymph-node develops large pyroninophilic cells 
in the enlarging paracortical areas, and these leave the node at about the 
same time as generalized delayed hypersensitivity begins to develop. The 
large pyroninophilic cells (immunoblasts) are probably formed from small 
lymphocytes, and are likely to be immunologically competent cells, 
which, in turn, transform into the small lymphocytes which participate in 
delayed hypersensitivity reactions, 


IV. ANTIGENIC SPECIFICITY IN DELAYED HYPERSENSITIVITY 


We saw that, in antibody production, there is a close correlation between 
antigens used to evoke a primary response and those capable of combining 
with the antibody produced or eliciting a secondary response. The degree 
of specificity involved in the secondary response closely resembles that of 
the antigen-antibody reaction. The specificity of delayed hypersensitivity 
has also been studied in detail. The corresponding experimental situation 
1s to sensitize an animal with one antigen and then test with related antigens 
to find those which will elicit delayed hypersensitivity. Experiments of this 
kind suggest that specificity in delayed hypersensitivity is rather broader 
than in antibody production. The antigenic determinants seem to involve 
a larger portion of the molecule, and the mechanism is less sensitive to 
small changes in the antigen. 

_Benacerraf and Gell [73] were the first to draw attention to the 
difference In specificity between antibody and delayed hypersensitivity. 
Guinea-pigs were injected with a hapten, the picryl group, attached to a 
Carrier protein, bovine gamma-globulin (pic-BGG), and developed both 
antibodies and delayed hypersensitivity. The antibodies not only reacted 
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with rai ee se itones pic-BGG, but also with the hapten, when it was 
conjugated to another carrier protein such as guinea-pig gamma-globulin 
(pic-GPGG). The antibodies failed to react with the eatin carrier 
protein, BGG. This type of specificity, directed against the whole antigen 
or against the hapten alone, is known as hapten specificity (Table XX/). By 
contrast, delayed hypersensitivity was directed against the whole molecule 
pic-BGG or against the unconjugated carrier protein, BGG, but not 
against the hapten when it was conjugated to another carrier protein. 
This is carrier specificity (Table XX/). In a number of systems it has been 
confirmed that hapten specificity is typical of antibody while carrier 
specificity is typical of delayed hypersensitivity. 


Table XXI.—DELAYED HYPERSENSITIVITY. THE SPECIFICITY OF 
ANTIBODY PRODUCTION AND DELAYED HYPERSENSITIVITY 





TYPE OF SENSITIZATION 


IMMUNIZATION — 
WITH SPECIFICITY Delayed 
Antibody Hyper- 
sensitivity 
Carrier/Hapten + + 
Carrier/Hapten - Carrier —- + 
Hapten + - 





Most haptens obey this rule; an exception is p-azobenzene arsonate 
(p-ABA). Leskowitz in an extensive series of investigations [74, 75] 
showed that this hapten, when linked to polytyrosine, produced a delayed 
hypersensitivity which had no carrier specificity. Sensitized guinea-pigs, 
in fact, showed hapten specificity, developing delayed hypersensitivity to 
p-ABA linked to guinea-pig serum albumin. However, p-ABA appears 
to be unique; related haptens, such as azobenzoates and azosulphonates, 
show typical carrier specificity. Several explanations for the curious 
behaviour of p-ABA are considered by Gell and Wolstencroft [76]; none 
is completely satisfactory. The arsenic atom itself may, by its affinity for 
sulphydryl groups, increase the binding strength of the hapten. 

The phenomenon of carrier specificity indicates that delayed hyper- 
sensitivity is directed against a greater area of the antigen than antibody. 
While antibody, reacting against a small area of antigen, is capable of 
recognizing the hapten alone, delayed hypersensitivity, reacting against a 
much larger area, can only recognize the hapten and the adjacent areas of 
the protein molecule to which it is attached. Apart from the special case 
of p-ABA, there is no clear indication of how large the ‘combining site’ 
involved in delayed hypersensitivity may be. 

The specificity of antibodies is such that they can distinguish between 
o-, m-, and p-forms of the same compound (see Chapter 2). Silverstein and 
Gell [77] studied the specificity of delayed hypersensitivity in guinea-pigs 
sensitized to o-azobenzene sulphonate conjugated to guinea-pig serum 
albumin: 12 out of 12 animals showed delayed hypersensitivity to the 
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sensitizing o-isomer, but 9 and 7 also reacted to the m- and p-isomers, 
Similar observations by other workers have confirmed that the delayed 
hypersensitivity system is less able to discriminate between related com- 
pounds than the antibody system. mt 

It was originally thought that the contrasts in specificity between anti- 
body and delayed hypersensitivity were so great that they must represent 
fundamental differences in mechanism. However, recent studies have 
shown that antibodies formed early in the antibody response have 
specificities similar to delayed hypersensitivity. Borek and Silverstein [78] 
sensitized guinea-pigs with p-aminobenzoate and p-nitroaniline, coupled 
to guinea-pig albumin or ovalbumin. The earliest antibodies formed 
showed carrier specificity (as in delayed hypersensitivity). It was only the 
later antibodies that showed the more typical hapten specificity. 

In summary, the specificity of delayed hypersensitivity shows marked 
differences from the specificity of late antibody. Delayed hypersensitivity 
is directed against a larger antigenic determinant and is carrier specific, 
and (generally) not hapten specific. It is also less sensitive to minor 
changes in the chemical structure of antigen. However, early antibody 
shares many of these features with delayed hypersensitivity, and the 
differences are probably less fundamental than was originally supposed. 


V. TRANSFER OF DELAYED HYPERSENSITIVITY BY CELLS 


Zinsser and Mueller [79] clarified the difference between the tuberculin 
reaction and anaphylaxis by pointing out that while the latter could be 
transferred to an unsensitized animal by serum from an immune animal, 
the former could not. Before and after Zinsser there have been numerous 
claims to transfer tuberculin reactivity [12] with cell-free extracts. The 
earlier claims must be regarded with suspicion because of the possibility 
that the agent used for transfer also contained antigen; the recipients 
would then have demonstrated active rather than passive immunity. 
Landsteiner and Chase [10] showed that delayed hypersensitivity to picryl 
chloride could be transferred from a sensitized to an unsensitized animal 
by living peritoneal exudate cells. Chase [11] later showed that tuberculin 
sensitivity could be transferred in the same way. Subsequent investigations 
have confirmed that delayed hypersensitivity can be transferred by peri- 
toneal exudate cells, lymph-node cells, spleen mononuclear cells, and 
peripheral blood leucocytes [12]. An important technical point is that 
earlier work on cell transfer was carried out in guinea-pigs which were 
either genetically dissimilar or, at best, from a closed colony. It is only 
recently that studies have been -performed in fully histocompatible 
(syngeneic) animals. This point is important, since lymphoid cells injected 
into a non-histocompatible (allogeneic) animal wiil either be destroyed 
by the recipient animal or react against it in a graft-host reaction (see 
Chapter 10). 

Bauer and Stone [80] were the first to compare in detail the effects of 
passive transfer of tuberculin hypersensitivity in syngeneic (Strain 13) and 
allogeneic (Hartley, random-bred) guinea-pigs. They took lymphoid cells 
from animals 9-14 days after immunization with mycobacteria in 
Freund’s adjuvant, and found that a small cell transfer (1 x 108 or 1 x 109) 
of lymphoid cells, which produced little or no hypersensitivity in allogeneic 


CELL-MEDIATED IMMUNITY AND DELAYED HYPERSENSITIVITY 305 


animals, was effective in sensitizing syngeneic animals. While earlier 
work, in non-inbred animals [81, 82], involved a large cell-transfer and 
showed a short latent period (2-3 days) and a short duration (7 days) of 
hypersensitivity, the experiments of Bauer and Stone produced, in 
syngeneic animals, a much longer period of hypersensitivity (up to 50 days) 
after a longer latent period (5-30 days). Chase [83] later found that 
tuberculin hypersensitivity could persist for 200-500 days after transfer of 
cells in inbred guinea-pigs. The importance of studying transfer of 
delayed hypersensitivity in histocompatible (syngeneic) animals has not 
been sufficiently emphasized. In view of the complicating factors introduced 
by host-versus-graft and graft-versus-host reactions, it is impossible to 
extrapolate from experiments in non-histocompatible strains to delayed 
hypersensitivity in the intact animal. 

This point becomes particularly important when we consider what part 
specifically immunized cells play in the transfer reaction. The work of 
Metaxas and Metaxas-Buehler [82] suggested that, although there might 
be a latent period of 1-2 days before hypersensitivity could be elicited 
after the intraperitoneal injection of sensitized lymphoid cells, the latent 
period could be abolished if sensitized cells were administered intra- 
venously. This is an important observation, since it suggests that sensitized 
donor cells are capable of participating directly in a delayed hyper- 
sensitivity reaction. Najarian and Feldman [84] studied this problem by 
injecting lymphoid cells from guinea-pigs sensitized to tubercle bacilli 
(TB) or to dinitrofluorobenzene (DNFB) intravenously into unsensitized 
recipents. In each transfer either the TB-sensitive cells or the DNFB- 
sensitive cells were labelled with tritiated thymidine. Unsensitized 
animals, which had received both sets of cells, were then tested with PPD 
and with DNFB. When TB cells were labelled and DNFB cells were 
unlabelled, the PPD test site contained more radioactivity than the DNFB 
test site. Conversely, when DNFB cells were labelled and TB cells 
unlabelled, the radioactivity was greater in the DNFB test site. This 
strongly suggested that sensitized donor cells accumulated specifically at 
a test site in response to the appropriate antigen. The authors comment, 
however, that even when the transfer was highly successful only a small 
number (about 10 per cent) of cells at the reaction site were donor cells. 
The remainder were cells from the unsensitized host. 

Other workers have reported findings at variance with those of 
Najarian and Feldman. McCluskey, Benacerraf, and McCluskey [85] 
sensitized guinea-pigs with picrylated bovine gamma-globulin (pic-BGG), 
parachlorobenzoyl chloride (PCBC), or diphtheria toxoid. Transfer 
experiments similar to those of Najarian and Feldman’s were performed, 
in which unsensitized donors were transfused with two sets of cells, each 
sensitized to a different antigen and either labelled or unlabelled. When 
the recipients were tested with both antigens, 4 per cent of the infiltrating 
mononuclear cells were labelled, and there was no difference between the 
two test sites; these experiments failed to show that sensitized, labelled 
lymphoid cells collected specifically at the test site. Turk and Oort [86] 
also failed to show a specific accumulation of sensitized labelled lymphoid 
cells in delayed hypersensitivity test sites and Prendergast [87] failed to 
show specific lymphocytic infiltration in skin-homografts in rabbits. 
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The implications of this work are rather important since they cast doubt 
on the immunological specificity of the cells involved in delayed hyper- 
sensitivity. If we accept, with the majority of workers, that when 
sensitized cells are transferred to an unsensitized recipient the majority of 
cells accumulating in a test site are of recipient origin, and that those few 
donor cells which do accumulate do so with no pretence to immuno- 
logical specificity, then we are forced to question the degree of immuno- 
logical commitment of lymphocytes in delayed hypersensitivity. But 
studies in antibody production (see Chapter 4) point to the lymphocyte as 
a totally committed cell, capable of only a single, unique immunological 
response. Moreover, it seems that such cells are probably derived by 
selection from a precommitted population. The resemblances between 
delayed hypersensitivity and antibody production are more impressive 
than the differences. It would be uneconomical to postulate two completely 
separate mechanisms in the immune response, but it is not easy to reconcile 
the picture of the uniquely competent antibody-producing cell with the 
uncommitted lymphocyte which blunders into delayed hypersensitivity 
reactions, apparently by accident. 

However, there are a number of important limitations in experiments 
on lymphocyte transfer. In the first place, the detailed interpretation of 
the cytology of delayed hypersensitivity is important. Two main types of 
cell participate in the reaction: the lymphocytes, some of which might 
reasonably be expected to be immunologically committed, and the group 
of phagocytic cells (macrophages, histiocytes, and epithelioid cells), 
which engulf antigen and tissue debris and whose function is not immuno- 
logically determined. But Spector and Lykke [19] demonstrated that 
many of the small round cells which would be regarded as lymphocytes on 
morphological grounds are, in fact, derived from histiocytes. It is there- 
fore reasonable to expect that the lymphocytes described in transfer 
experiments are diluted with uncommitted ‘pseudo-lymphocytes’ derived 
from the scavenger cells. 

In the second place, in vitro studies (see Chapter 8) have shown that the 
reaction of immunized lymphocytes with their specific antigen liberates a 
substance which immobilizes macrophages. This substance, acting in vivo, 
is presumably responsible for the striking accumulation of phagocytes at 
the site of a delayed hypersensitivity reaction. A single immunized 
lymphocyte will immobilize up to 100 macrophages in vitro, and assuming 
that the in vivo effect is similar in magnitude, we need not expect to find 
that more than 1 per cent of the cells in a delayed hypersensitivity reaction 
are immunologically committed. 

The third and perhaps the most important point is that very little of the 
work on the specificity of lymphocytes involved in the transfer of delayed 
hypersensitivity has been carried out between histocompatible strains. If 
lymphocytes from one strain of animal are injected into another non- 
histocompatible strain, the recipient animal will treat their surface antigens 
as foreign and mount a host-versus-graft reaction (see Chapter 10). It 
seems likely that a number of the recipient lymphocytes found at the site 
of delayed hypersensitivity reactions in transfer experiments are reacting 


against foreign lymphocytes and are quite indifferent to the delayed 
hypersensitivity antigen. . 
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How should we interpret transfer experiments with these reservations 
in mind? First, there is no doubt that the majority of small round cells 
taking part in delayed hypersensitivity are of recipient origin. But this 
may be partly because some are recipient lymphocytes reacting against 
foreign cells and partly because some are small round cells of the phago- 
cytic series, masquerading as lymphocytes. Secondly, although a number 
of workers have failed to show that immunized lymphocytes ‘home’ on 
their specific antigen, this may be because only a very small number 
(less than 1 per cent) of committed lymphocytes are needed to initiate 
a delayed hypersensitivity reaction. To identify this small number of 
committed cells is beyond the power of resolution of most experimental 
work so far. 

Recent work in syngeneic systems has thrown some light on the origin 
of the recipient cells involved in transferred delayed hypersensiti- 
vity reactions. Lubaroff and Waksman [88, 89] transferred tuberculin 
sensitivity between rats and found that recipient bone-marrow cells were 
essential for the reaction. The bone-marrow cells gave rise to macro- 
phages and histiocytes at the site of the reaction. 

We can now summarize the evidence on the way in which lymphocytes 
are involved in delayed hypersensitivity. In the induction phase, antigen 
drains in the lymphatics to the regional lymph-nodes. There, in the para- 
cortical areas, immunoblasts are formed, probably from lymphocytes. 
We know that there is a steady circulation of lymphocytes through the 
lymph-node. We do not know whether the antigen, on arrival in the node, 
stimulates uncommitted lymphocytes which are already there or whether 
antigen is trapped and held until the arrival of specifically committed 
lymphocytes from the circulation. The immunoblasts leave the regional 
node, presumably to settle in other nodes and in the spleen. They are 
likely to be immunologically committed and to transform into immuno- 
logically competent lymphocytes. A subsequent application of antigen to 
the same animal will elicit delayed hypersensitivity. It is probable that 
lymphocytes are in continual circulation through the peripheral tissues 
from blood to lymph, ‘searching’ for antigen [90, 91], and it may well be 
that the encounter of an appropriately committed lymphocyte with the 
administered antigen is a matter of chance. Once a sensitized lymphocyte 
and its antigen have come together, a factor is released which will 
immobilize up to 100 phagocytic cells. At least one other pharmacological 
agent, the lymph-node permeability factor, is known to be released. This 
increases vascular permeability and facilitates the escape of leucocytes 
from the capillaries. These two agents will amplify and accelerate the 
process by which lymphocytes and macrophages accumulate [92]. 

In discussing antibody production we distinguished the primary and 
secondary responses, but pointed out that these are both experimental 
artefacts, and that the natural stimulus of infection would lead toa gradual 
change from the production of less efficient to more efficient antibody. In 
the same way it is convenient to consider separately the process of induc- 
tion of delayed hypersensitivity to a new antigen, and its elicitation, 
when the antigen is reintroduced. However, in the course of a natural 
infection the two processes will proceed simultaneously, as part of a 
continuous cycle of defence. 


308 BASIC IMMUNOLOGY 


VI. THe ROLE oF HUMORAL FACTORS IN THE TRANSFER OF 
DELAYED HYPERSENSITIVITY 


Lawrence [93] showed that delayed hypersensitivity to tuberculin and 
to streptococcal antigens could be passively transferred in humans. 
Leucocytes from a sensitized donor were injected intradermally into an 
unsensitized recipient, and antigen was injected into the same skin area at 
various intervals afterwards. A typical delayed hypersensitivity reaction 
developed if the antigen was injected 18 hours or more after the lympho- 
cytes. In some subjects the hypersensitivity to tuberculin lasted for several 
months. Streptococcal hypersensitivity developed in the same way, but 
lasted only 10 days. This phenomenon is known as ‘local passive 
transfer’ of delayed hypersensitivity. In 1955 Lawrence [94] found that 
intact cells were not necessary for this transfer. An extract of peripheral 
blood leucocytes from sensitized subjects was prepared by freezing and 
thawing the cells, or by disrupting them in distilled water, and was 
injected intradermally into unsensitized subjects. When antigen was 
injected into the same site, delayed hypersensitivity could be demonstrated 
which reached a maximum at about 1 week and persisted for up to 6 
months. Lawrence termed the agent involved ‘transfer factor’ and 
studied its properties in detail. He found that it was resistant to RNAse. 
DNAse, and trypsin. It did not appear to be an immunoglobulin and had 
a molecular weight of less than 10,000. There are a number of technical 
points which make it difficult to accept work on transfer factor without 
reservations. First, the peripheral leucocytes used in these experiments 
include a certain number of macrophages, and it is known that these cells 
contain fragments of antigen in a highly immunogenic form (see Chapter 4). 
This may have been sufficient to produce active sensitization of the 
recipents. Secondly, in many experiments, recipients were skin tested 
with antigen to establish that they were negative before the experiments 
were performed. This small test dose may itself have been sufficient to 
produce sensitization. Finally, even subjects who were negative on skin- 
testing may have shown a very low (subliminal) level of immunity as a 
result of previous exposure to the antigen. They would then react with a 
“secondary response’ to very small amounts of antigen in the transfer 
fluid. For these reasons, and because it has so far been impossible to 
demonstrate transfer factor in animal experiments, there must remain 
some doubt about its significance in man. The arguments are developed 
more fully by Turk [12] and Uhr [13]. 

Recently [95] it has been claimed.that if BCG-sensitized guinea-pigs are 
treated with X-irradiation, plasma taken 3-5 days later is capable of 
transferring delayed hypersensitivity to tuberculoprotein to unsensitized 
animals. If this work in confirmed, it may indicate that a ‘transfer factor’ 
(possibly some kind of antibody) is liberated from lymphocytes when the 
guinea-pig is irradiated. 


VII. ANTIBODY AND DELAYED HYPERSENSITIVITY 


There has been a great deal of discussion on the relationship between 
delayed hypersensitivity and antibody production. It will be useful, 
first, to summarize the differences between delayed hypersensitivity and 
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antibody production and then to discuss the types of antibody which 
have been implicated [96]. 

First, it has been repeatedly shown that animals can develop delayed 
hypersensitivity at a stage when no circulating antibodies can be detected 
[97]. This might, however, indicate that delayed hypersensitivity is a more 
sensitive indicator of immunity than the methods for detecting antibody. 
Secondly, antigenic specificity in delayed hypersensitivity differs from that 
of antibody. We have already discussed this point (p. 303 and Chapter 8) 
and have concluded that the differences are not absolute and that 
specificities sometimes overlap. Finally, antibody production and delayed 
hypersensitivity are affected differently by a number of factors; these have 
been discussed in Chapter 4. They include X-irradiation, anti-lympho- 
cytic serum, immunological paralysis, and immune deviation. 

So far the differences, though striking, are not sufficient to prove that 
antibody cannot be involved in delayed hypersensitivity. We will now 
consider briefly some of the types of antibody which have been implicated 
in delayed hypersensitivity. 


A. Macrophage Cytophilic Antibodies 


The relationship between cytophilic antibodies and delayed hyper- 
sensitivity has been reviewed by Nelson and Boyden [98]. If guinea-pigs 
are injected with sheep erythrocytes in Freund’s complete adjuvant, a type 
of antibody is produced which will adhere to macrophages when these are 
allowed to form a monolayer on a glass slide. These antibodies can be 
detected by adding a suspension of sheep erythrocytes to the coated 
macrophages. Rosettes of erythrocytes will adhere to macrophages which 
have taken up cytophilic antibody. Cytophilic antibodies against other 
antigens can be detected by using erythrocytes coupled to antigen as an 
indicator. Since an antibody involved in delayed hypersensitivity would 
be likely to be cell-bound, cytophilic antibodies have been suggested for 
the role. Nelson and Boyden review the evidence: delayed hypersensitivity 
and cytophilic antibodies are produced by similar stimuli. In mice there 
is a reasonable correlation between the level of circulating cytophilic 
antibodies and the degree of delayed hypersensitivity. In guinea-pigs, 
however, the correlation is less satisfactory, and cytophilic antibodies 
cannot be detected during the early or late stages of delayed hyper- 
sensitivity. A serious objection to the association of cytophilic antibodies 
and delayed hypersensitivity is that the former can be transferred in 
serum from one animal to another, while the latter cannot. Nelson and 
Boyden conclude that the evidence is not sufficient to associate cytophilic 
antibodies with delayed hypersensitivity. 


B. High-affinity Antibodies 


In 1962 Karush and Eisen [99] put forward a provocative theory to 
link antibody with delayed hypersensitivity. They suggested that if anti- 
body of exceptionally high affinity for antigen were formed it would form 
a stable complex with antigen when levels in the circulation were too low 
to be detected. High-affinity antibody would not be effective on passive 
transfer of serum because of the very small amount free in serum, Transfer 


310 BASIC IMMUNOLOGY 


of living lymphoid cells would be effective, because they would synthesize 
antibody continuously. Karush and Eisen calculated that antibody with 
an intrinsic association constant (K,) of the order of 1x10" litres per 
mole would be required to produce this effect, and antibodies with a K, 
of this order have been described. It would be very difficult to disprove 
this theory, since the amount of free antibody involved is too small to be 
detected by conventional methods. Eisen was unable to transfer delayed 
hypersensitivity with large amounts of serum containing antibody to 
dinitrophenyl with a K, of 10° [100]. For the present, we must regard 
this as an attractive theory for which there is as yet no experimental 
evidence. 


C. The Role of Antibody in Delayed Hypersensitivity 


There are two possible ways in which antibody could be involved in 
delayed hypersensitivity: (1) in the recognition of antigen by sensitized 
lymphocytes, and (2) in the cytotoxic effect of sensitized lymphocytes. 

If we assume that delayed hypersensitivity lymphocytes are committed 
in the same way as antibody-producing cells, then we must postulate 
some mechanism by which the lymphocyte recognizes antigen. The most 
economical agent for recognizing antigen is antibody, and it has been 
supposed that the precursors of antibody-forming cells carry antibody 
bound to the cell surface (see Chapter 4). If we apply the same arguments 
to delayed hypersensitivity, we should expect to be able to detect antibody 
on the surface of cells engaging in delayed hypersensitivity, or at least to 
show that such cells are capable of binding antigen. Experiments in this 
field are inconclusive; Turk [101] found that lymph-node cells from guinea- 
pigs sensitized with picryl-bovine serum albumin would take up bovine 
serum albumin in vitro. Peltier and Kourilsky [102], in similar experi- 
ments, failed to detect any uptake of antigen by sensitized lymphocytes. 
Other experiments are discussed by Turk [12]. There are two dangers in 
work of this kind: it is difficult to be certain that an animal is reacting only 
with delayed hypersensitivity, and that there are no antibody-producing 
cells. Furthermore, free antibody can be taken up non-specifically on the 
surface of lymphocytes; the presence of antibody on a cell surface is no 
proof of its manufacture within the cell. Despite the difficulties, the search 
will continue for antigen-reactive units on the cells of sensitized lympho- 
cytes, and it would certainly simplify theories of immunity if these could be 
shown to be antibodies. 

It is known that lymphocytes which have been sensitized against cellular 
antigens can destroy the sensitizing cells in vitro (see Chapter 8). Do 
lymphocytes produce cell damage by liberating antibody of a special type, 
which is active only over short distances, and not detectable by con- 
ventional means? Some recent experiments by Ruddle and Waksman 
[103-105] suggest another interesting possibility; they showed that the 
reaction of sensitized lymphocytes with their antigen in vitro resulted in the 
liberation of a cytotoxic substance which destroyed embryo fibroblasts in 
tissue culture. It may be that the immunologically specific reaction of 
lymphocyte and antigen releases a cytotoxic ‘effector’ substance which is 
not itself immunologically specific. There is no evidence that antibody 
plays a part in delayed hypersensitivity at this level. 
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VIII. THE ROLE OF THE THYMUS IN DELAYED HYPERSENSITIVITY 


Miller [106] and Parrott [107] have recently reviewed the role of the 
thymus in immunity. Neonatal thymectomy impairs the ability of animals 
to reject homografts and to develop delayed hypersensitivity. If adult 
animals are thymectomized, delayed hypersensitivity reactions may be lost 
Slowly [108] or, if thymectomy is combined with irradiation, rapidly. 
After neonatal thymectomy, many antibody-producing systems are left 
intact, though some (such as the haemolysin-forming cells in the mouse) 
are depressed [109]. There is, then, evidence that in the neonatal period 
delayed hypersensitivity is largely dependent on the thymus, while anti- 
body production is only partly thymus-dependent. Parrott studied the 
morphology of lymphoid tissues from neonatally thymectomized animals 
and found that lymphocytes are depleted from the mid- and deep cortex 
of lymph-nodes and from the areas of the spleen surrounding the central 
arterioles. These have become known as ‘thymus-dependent’ areas, 
and in lymph-nodes they are the areas which are involved in delayed 
hypersensitivity. Lymph-nodes from thymectomized mice fail to develop 
immunoblasts in the paracortical areas, though germinal centres and 
plasma cells are formed normally. 

In the chicken there is a dual control of the immune system. The 
thymus appears to regulate homograft rejection and ‘cellular immunity’, 
while antibody production is controlled by the hindgut bursa of Fabricius 
[110]. Attempts have been made to extrapolate from chickens to humans 
and to find an equivalent for the bursa of Fabricius in the appendix and 
Peyer’s patches [111]. Differences between species are so great, however, 
that at present such analogies seem rather fanciful. We can, however, 
accept that in mammals and probably in humans an intact thymus is 
important (especially in the neonatal period) for the development of 
delayed hypersensitivity. The thymus itself seems to be populated by cells 
from the bone-marrow and to export lymphocytes which, in turn, 
populate the thymus-dependent areas of spleen and lymph-nodes [107]. 
There is some evidence that the thymus produces a humoral substance 
which affects the development of the lymphoid system [112]. Failure of 
development of the thymus in man is often associated with inability to 
develop delayed hypersensitivity [113]. 


IX. FACTORS AFFECTING DELAYED HYPERSENSITIVITY 


A number of adjuvants are known which increase delayed hyper- 
sensitivity, while factors, such as immunological paralysis, X-irradiation, 
and cytotoxic drugs, will depress both delayed hypersensitivity and 
antibody production. These have been considered in Chapter4. 

A few diseases are known in man which depress delayed hypersensitivity, 
without affecting antibody production. Hodgkin’s disease, a malignant 
condition of the lymphoid system, is associated with complete absence of 
all delayed hypersensitivity reactions [59]. In sarcoidosis, a chronic 
granulomatous disease of unknown cause, delayed hypersensitivity to 
natural antigens and the ability to develop contact allergy to DNCB are 
often lost [114]. Some cases of Crohn’s disease (a granulomatous disorder 
of the intestines) show a similar deficiency [115]. Some patients with 
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lepromatous leprosy fail to react to DNCB [1 16]. There is no convincing 
explanation for this failure of delayed hypersensitivity. 


X. DELAYED HYPERSENSITIVITY AND IMMUNITY 


There is a temptation for immunologists to regard delayed hyper- 
sensitivity as a fascinating plaything, fashioned perhaps as a challenge to 
investigative ingenuity. To be realistic, we must try to fit it into its bio- 
logical background. The first problem is whether delayed hypersensitivity 
really helps animals and men in combating infection. This may seem a 
strange question to ask in connexion with a major aspect of the immune 
response. It is important to bear in mind, however, that, although we 
think of the immune system as protecting the host against unwanted 
invaders, there is a number of circumstances where the immune response 
can be harmful. These include serum sickness and the allergies (examples 
of immediate hypersensitivity, see Chapter 7), as well as the auto-immune 
diseases (see Chapter 12). It is not impossible, then, that delayed hyper- 
sensitivity might be a harmful aberration on the part of the immune 
mechanism. 

There is some evidence that this is not so. Arnason and Waksman [117] 
have reviewed the relationship of tuberculin hypersensitivity to immunity. 
The correlation is striking. In animals, the unrestricted growth of tubercle 
bacilli is arrested at the stage at which delayed hypersensitivity develops. 

Oung adults with a positive tuberculin test are less susceptible to reinfec- 
tion with tuberculosis. In Hodgkin’s disease, in which delayed hyper- 
sensitivity is lost, there is an increased risk of fatal disseminated tuber- 
culosis [59]. The histological features of delayed hypersensitivity seem 
designed to bring the infecting bacilli in contact with immune lymphocytes, 
and with macrophages which will engulf and destroy them. roar are, 
however, some anomalies. Guinea-pigs which have been rendered 
tuberculin-positive can be desensitized by injecting increasing amounts of 
old tuberculin over several months [118]. Even when they have been 
completely desensitized, so that they no longer react to an intradermal 
injection of 100 mg. of old tuberculin, they are still resistant to reinfection 
with tubercle bacilli. Raffel [119] also showed that guinea-pigs which 
have been made tuberculin-positive by injections of a wax fraction from 
tubercle bacilli have no increased resistance to tuberculosis. In vitro 
experiments throw some light on this paradox. Lurie [120] showed that 
while tubercle bacilli would multiply freely in the macrophages of normal 
rabbits, their multiplication was suppressed in immune macrophages 
(see Chapter 8). Suter [121] confirmed this observation with guinea-pig 
macrophages in vitro. The resistance of macrophages appears to be non- 
specific once it is established [122], though Mackaness [123] has shown 
that the events leading up to it are immunologically specific. 

_ In summary, in tuberculosis delayed hypersensitivity usually develops 
in parallel with immunity, but cellular immunity can be present in the 
absence of delayed hypersensitivity. The position in other bacterial and 
virus diseases seems to be similar. Since it is accepted that the immune 
macrophage is an important agent in protection against tuberculosis, it is 
reasonable to suppose that delayed hypersensitivity, which is an efticient 
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method for bringing aggressive macrophages rapidly into contact with 
antigen, may be a first-line defence. If the first line is destroyed by 
desensitization, the battle is not over. The conflict moves deeper into the 
host’s defensive system. 
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G. The relevance of graft-versus-host reactions to clinical practice 
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I. INTRODUCTION 


THIS chapter is concerned with describing the natural outcome, and its 
modification, when transplants of tissues or organs are made between two 
subjects which stand in a variety of genetic relationships to one another. 

This genetic relationship between the subject providing the graft, the 
‘donor’, and the recipient, the ‘host’, is fundamental in determining 
the fate of the graft. It is therefore necessary, at the outset, to define 
the possible circumstances that may exist.* 

A graft may be made between two sites on the same subject and would 
then be referred to as an ‘autograft’. In describing a given tissue trans- 
planted under these conditions, one might for example refer to an ‘auto- 
plastic’ kidney. 

A graft transferred between separate subjects of identical genetic 
constitution, such as human uniovular twins, or members of a given 
inbred} animal colony, is referred to as an ‘isogenic graft’. Thus one 
may speak of an isogenic kidney. 

A graft between two genetically unrelated members of the same animal 
species is known as an ‘allograft’, the appropriate adjective being 
‘allogeneic’. 

Finally, a graft made between two animals of different species 
is referred to as an ‘xenograft’, and the corresponding adjective is 
*“xenogeneic’. 

A further point concerns the siting of the graft. When a graft is trans- 
planted to its physiological situation it is referred to as ‘orthotopic’; 
when to another situation ‘heterotopic’. 


II. THE FATE oF GRAFTS 


Autografts and isogenic grafts -are normally accepted and survive 
permanently, whilst allogeneic grafts and xenogeneic grafts are, after a 
brief latent period, rejected by a process called the ‘homograft reaction’.t 


* The terms used to describe different grafts have been selected from among those 
suggested in the revised terminology for Transplantation [1]. 

+ An inbred animal is one arising as the progeny of a brother x sister cross of litter 
mates, where such breeding has been maintained for at least the twenty preceding 
generations. 


t The term ‘homograft reaction’ denotes the process b i : 
; . ess by which all : 
grafts are rejected, Pp y Ografts and xeno 
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The macroscopic and microscopic features of this reaction vary for 
different tissues, but the essential items, following initial vascularization, 
are invasion of the graft by host round cells, in the first instance mainly 
small lymphocytes with subsequent necrosis of the graft and its replacement 
by host granulation tissue. 

For a description of specific examples of the homograft reaction the 
reader is referred to Medawar [2], who described the rejection of allogeneic 
grafts of rabbit skin, and Woodruff [3] for a description of the rejection 
of allogeneic renal transplants in dogs. 

The survival times of allogeneic grafts vary with the species as shown in 
Table XXII. This refers to skin-grafts where survival is measured as the 
time taken for complete destruction of the surface epithelium. 


Table XXII 
Graft Survival 
Species Time (Days) 
Mouse [4] 
Strain combination WU-—--CBA 8-5 
CBA —A 11 
Rats [5] 13-14 
Guinea-pigs [6] 5-17 
Pigs [7] 11-14 
Cattle [8] 9 
Man 14-21 
Sometimes up 
to 6 weeks 


Ill. THE MECHANISM OF THE HOMOGRAFT REACTION 
A. Historical Aspects 


A number of mechanisms have been held to account for the homograft 
reaction. These have been reviewed [9]. 


1. ATHREPSIA 


This hypothesis held that transplants were rejected owing to the 
inability of the host to supply their specific nutritional requirements. 


2. INNATE RESISTANCE 


Transplants were said to be rejected by a humoral mechanism analogous 
to the reaction to incompatible erythrocytes, and it was suggested that if 


. 


the donor and host were completely consanguineous, transplant rejection 
would not occur. However, it was demonstrated [10] that in man allo- 
geneic skin transplants were rejected when the donor and host showed, as 


far as could be determined, total blood-group compatibility. 


3. INDIVIDUALITY DIFFERENTIAL 

All tissues and organs of a given subject were said to possess a common 
and peculiar chemical identity, known as an individuality differential. On 
transplantation this differential evoked both a cellular reaction and a toxic 
effect by the host against the donor tissue, with resulting destruction of the 


latter. 
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B. Active Immunity 

Two pieces of evidence have firmly established the concept that a state 
of active immunity is responsible for the homograft reaction. First, the 
demonstration of heightened reactivity by the host to a second transplant 
of tissue from the same donor. Second, the finding that such heightened 
reactivity may be adoptively transferred to a host, which has never 
previously rejected a transplant of the given tissue, by injection of 
immunologically competent cells from a host which has. It is therefore 
necessary to consider this evidence in greater detail. 


1. SECOND-SET REACTION 


Using rabbits, it was demonstrated [2, 11] that if allogeneic skin was 
transplanted for a second time between the same donor-host pair, the 
second transplant was rejected more rapidly than the first. If, however, 
the second skin transplant was from a different allogeneic donor, its 
rejection was not accelerated to the same degree, and, indeed, it sometimes 
survived for as long as the first transplant. _ 

Histologically the second-set reaction against skin-grafts differs from 
that to primary grafts in that second grafts from the same donor, made to 
a given host, fail to become vascularized and in consequence undergo 
ischaemic necrosis, whilst the host mononuclear cell reaction is confined 
to the graft bed. 

This second-set reaction to skin has also been found in all other animal 
species so far examined, including man. In addition to free grafts, the 
second-set reaction was also manifest against organs transplanted by 
vascular anastomosis, e.g., kidneys [12, 13]. These observations have been 
extended by the finding that in dogs a second-set reaction to an allogeneic 
skin-graft may be evoked by a previous lung transplant from the same 
donor and vice versa [14]. This active immunity has been demonstrated 
to persist, albeit at a diminishing level, for at least 120 days [15], using 
mice. 


2. ADOPTIVE IMMUNITY 


This term was coined by Medawar to denote the transfer of immunity 
by immunologically competent cells rather than by serum. This apart, the 
fundamental distinction between the two methods lies in the capacity of 
the cells to survive in suitable (isogenic) hosts and thus confer long-lasting 
immunity. The technique of adoptive immunization may be explained 
thus. An animal of strain A is immunized by a graft of normal or malignant 
tissue from a donor of strain B. Immunologically competent strain-A 
cells (usually spleen or lymph-node cells) from the host are then transferred 
to a second animal either isogenic or allogeneic with respect to the primary 
host. If this second host is now challenged with a graft of strain B it wiil 
show a second-set response thereto. This accelerated response in the 
second host persists longer if the latter is isogenic with the primary host, 
thus permitting the transferred cells to survive. 

It was found [15] that when regional lymph-node or splenic cells, from 
CBA mice which had received A-strain skin-grafts 11-30 days previously, 
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were transferred intraperitoneally to further CBA-strain hosts, the latter 
showed accelerated (second-set) rejection of a first A-strain skin-graft. 
Furthermore, specific immunological tolerance (conferred by neonatal 
injection of donor immunologically competent cells) of A-strain skin by 
CBA mice was abolished by injection of both CBA lymph-node cells 
draining the site of an A-strain skin-graft and normal lymph-node cells [16]. 
The immune cells acted more rapidly, but the fact that the non-immune 
cells were also effective shows that the phenomenon is not dependent on 
active immunization of the donor of the transferred cells. 


C. Factors influencing the Intensity of the Homograft Reaction 


Having established that the homograft reaction is a manifestation of 
active immunity, it is pertinent to consider the factors which might 
influence the intensity of the reaction. 

The most obvious of these is the degree of genetic disparity between 
donor and host, and an example of its effect may be seen in the different 
times of rejection for skin-grafts in the two mouse combinations listed in 
Table XXII. 

Three sites, the anterior chamber of the eye, the testis, and the brain, in 
the mammalian body are privileged, in that otherwise susceptible tissues 
placed therein are not destroyed by the homograft reaction. It was found 
that provided they did not become vascularized, skin allografts survived 
indefinitely in the anterior chambers of rabbit eyes [17] as did thyroid 
tissue in thyroidectomized hosts [18]. In the latter case, however, 
vascularization of the graft did not adversely affect its survival. 

The testis has been described as a favourable site for allografts of 
pituitary gland, thyroid, and kidney, whilst allogeneic transplants of 
ovary showed prolonged survival in the brains of guinea-pigs [19]. 

The common property showed by these immunologically privileged 
sites is thought to be their absence of a lymphatic drainage. 

There remains the question of the type of tissue transplanted. In pigs 
orthotopic allogeneic transplants of liver, performed with appropriate 
vascular anastomoses, were found to be relatively insusceptible to the 
homograft reaction [20, 21], and one liver survived 2 years in a recipient 
which received no immunosuppressive treatment. On the other hand, 
orthotopic skin-grafts made between the same breeds of pig as above were 
rejected within 14 days [7]. Delayed rejection of liver allografts in pigs 
has been confirmed in a further study [22]. The antigenicity of several 
normal tissues has been arranged in the following order: Lymphoid tissue 
~>kidney>liver [23]. 


TV. METHODS FOR ABROGATING THE HoOMOGRAFT REACTION 


There is a variety of ways in which the immunologically competent 
cells of a host may be rendered incompetent and each has been exploited 
in turn in an attempt to overcome the barrier of the homograft reaction, 
with the ultimate aim of transplanting tissues and organsinman. 

The immunologically competent cells may be destroyed by irradiation 
or radiomimetic drugs, removed as in chronic thoracic duct drainage, or 
prevented from developing by thymectomy in certain species of neonate. 
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In addition to these methods, in which the end-point is a relative absence 
of competent cells, a more subtle technique has recently come to the fore. 
This involves preoccupation of the host’s immunologically competent cells 
by an antigen, which being an heterologous leucocyte antibody has a 
special ability to coat these cells. 


A. Irradiation 


Ionizing radiations damage immunologically competent cells during 
mitosis. An increased survival of allogeneic skin-grafts in rabbits, when 
the latter were given 250 R whole-body irradiation on the day before 
grafting, was demonstrated [24]. A similar effect of 450 R, given to mice 
4-5 days before skin-grafting, has been observed [25], but attempts to 
influence the time of rejection of allogeneic kidney transplants, following 
100 and 225R respectively, were unsuccessful [12,26]. Attempts to 
produce permanent survival of grafts by further increase in the dose of 
irradiation has led to death of the host from damage to the haemopoietic 
tissue or the gut. 

This problem is well illustrated by an instance in which a kidney was 
transplanted from a brother to a sister following administration of 200 R 
whole-body irradiation 2 days prior to operation and 50 R 11 days post- 
operatively [27]. The patient died 30 days after operation from over- 
whelming infection secondary to a severe leucopenia, and at autopsy the 
kidney was found to be in excellent condition. 


B. Cytotoxic Drugs 


These may be divided into three classes: alkylating agents, anti- 
metabolites, and miscellaneous (Table XXII). 


Table X XIIT—SomeE CyTOoTox1C AGENTS USED FOR IMMUNOSUPPRESSION 


Alkylating Agents Antimetabolites Miscellaneous 
Nitrogen mustard Methotrexate Actinomycin C 
(Amethopterin) Cortisone and 
L-Phenylalanine 6-Mercaptopurine analogues 
mustard 
(Melphalan) Azathioprine 


Cyclophosphamide (Imuran) 


The alkylating agents all contain labile alkyl groups and react by 
transferring this group in place of such biologically important groups as 
amino, sulphydryl, carboxyl, hydroxyl, and phosphate. The result is 
alkylation of nucleoproteins with disorganization of mitosis and morpho- 
Cie changes a ir chromosomes. 

€ antimetabolites are so called because they are analogues of various 
DNA and RNA precursors and in excess Beis abisets antagonize 
DNA and RNA synthesis competitively. Methotrexate is an analogue of 
folic acid and thus blocks its conversion to folinic acid by the enzyme folic 
acid reductase. The effect of methotrexate on DNA synthesis may thus 
be by-passed by administration of folinic acid, the citrovorum factor. 
6-Mercaptopurine is a purine analogue, its molecule being very similar 


to that of adenine and hypoxanthine, of which it is an antagonist in RNA 
synthesis. 
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Imuran is a precursor of 6-mercaptopurine into which it is broken 
down by the liver after administration. The actions of Imuran and 
6-mercaptopurine are therefore similar. 

Attention has been drawn [28] to the great importance of the time at 
which drug therapy is begun in relation to the antigenic challenge. 
Irradiation and the alkylating agents are most effective if given 1 or 2 days 
before antigenic challenge, whilst the antimetabolites methotrexate, 
6-mercaptopurine, and Imuran (azathioprine) act best if given after the 
antigen. It may be noted, however, that melphalan is unique in being 
effective whether given before or after the antigen. 

The mechanism of inhibition of the immune response has been reviewed 
by Berenbaum [28, 29]. Five factors may be considered. 

1. Immunosuppression is a by-product of general host toxicity. How- 
ever, a number of drugs, e.g., the antibiotics and alkaloids, are not 
immunosuppressive even when given in near lethal dosage. Furthermore, 
it is difficult to explain the importance of timing of administration in 
relation to antigenic challenge on the basis of general toxicity. 

2. Inhibition of antigen uptake: Irradiation does not interfere with 
phagocytosis and in addition such interference could not explain the action 
of drugs effective after antigenic challenge. 

3. Inhibition of cell proliferation acting alone: Here again it is difficult 
to reconcile the hypothesis with the temporal relation between administra- 
tion of inhibitor and antigenic challenge. 

4. Destruction of lymphoid cells: Some agents, e.g., irradiation, 
melphalan, and cyclophosphamide, cause a rapid fall in the peripheral 
blood lymphocytes and necrosis of lymphoid tissue. However, the anti- 
metabolites depress the immune response without a similar destructive 
effect. Also, this hypothesis is difficult to reconcile with the differences in 
timing of drug administration for optimal effect. 

5. Differential sensitivity of immunologically competent cells: Anti- 
genic challenge of a host results in both proliferation and differentiation 
of immunologically competent cells. These cells show changes in 
their sensitivity to individual drugs at the several stages of both these 
processes and it is upon this basis that the relation between the timing of 
drug and antigen administration may best be explained. For example, the 
alkylating agents, with their profound effect on cell proliferation, are most 
effective if given before antigenic stimulation, whilst antimetabolites, which 
interfere with antibody synthesis, are best administered after transplantation. 

Much confusion exists as to the relative efficacy of individual drugs, but 
certain statements would seem justified. 

Methotrexate is especially useful in suppressing graft-versus-host 
disease (see p. 338) in rodents [30-32]. Furthermore, by using folinic acid 
to effect a delayed rescue from the toxic effects of methotrexate, it was 
possible to give massive doses of the latter to guinea-pigs, without overt 
toxicity [33]. The folinic acid did not affect the immunosuppressive 
potency of the methotrexate and hence about half the allogeneic skin- 
grafts, made to guinea-pigs thus treated, survived permanently. Apart 
from this finding, however, long-term survival of grafts has rarely been 
obtained without serious toxicity so that the value of immunosuppressive 
therapy with cytotoxic drugs would appear dubious. 
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At a clinical level the most favoured drug, but for no clear reason, is 
Imuran [see, for example, 34]. 


C. Thymectomy 

It was originally supposed that the thymus did not participate In 
immunological reactions because antibody was not demonstrable in the 
normal organ, plasma cells were not seen in the thymus even after intense 
antigenic stimulation, and thymectomy in adult mice had no significant 
effect on antibody production. 

However, it was demonstrated [35] that in three strains of mice 
thymectomy, at between 1 and 16 hours after birth, resulted in the per- 
sistence of a neonatal lymphocyte/polymorph ratio (i.e., 1-0), absence 
of germinal centres in the spleen, and prolonged tolerance to allogeneic 
skin-grafts made at 6 weeks of age. Similar tolerance of skin-grafts was 
not seen in mice thymectomized within 1 day of birth and restored with 
isogenic thymus grafts from animals nearing the end of their gestation 

eriod. 

: Also thymectomy in adult mice delayed or inhibited the recovery of 
immune competence which followed sublethal whole-body irradiation 
[36, 37]. A similar finding in mice using allogeneic tumour transplants in 
place of skin-grafts as indicators of the homograft reaction has also been 
reported [38]. It was shown that immune reactivity could be restored by 
grafting isogenic or allogeneic thymus from newborn or l-month-old 
donors, although the newborn thymus was more effective. 

When melphalan was substituted for irradiation, in similar experiments, 
no effect of thymectomy in potentiating the survival of allogeneic tumour 
transplants was seen, even when the thymus was removed 49 days 
beforehand [39]. 

The ability of thymus grafts to restore immunological reactivity in 
thymectomized hosts could theoretically depend on migration of immuno- 
logically competent cells from the grafts, migration of host precursor cells 
to the graft, in which environment they are able to develop immunological 
competence, or elaboration by the thymus graft of a soluble substance 
which enables the differentiation of immunologically competent cells from 
their precursors. In the latter case no cell migration would be necessary. 

It was shown that the homograft reaction, against allogeneic skin- 
grafts, could be restored, in neonatally thymectomized mice, by grafts of 
embryonic or neonatal thymus placed in a cell-impermeable diffusion 
chamber which was implanted intraperitoneally on the seventh day of life 
[40]. Histologically, at 6 weeks after implantation, no evidence was found 
for leakage of lymphocytes from the diffusion chamber, a finding confirmed 
by cytological examination of the lymphoid tissues in restored mice, which 
were shown to consist exclusively of host cells. The diffusion chamber 
itself contained only epithelial and reticular cells, lymphoid cells being 
completely absent. These results suggested that the epithelial-reticular 
cells elaborated a humoral substance which enabled the host lymphoid 
tissue to become immunologically competent. 

Furthermore, reactivity to allogeneic skin-grafts could be partly 
restored in neonatally thymectomized mice by implantation for 1 week of 
thymus grafts which had been irradiated in vitro with 500 R, a dose 
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sufficient to destroy all but the epithelial-reticular tissue [41]. Again no 
evidence of thymus donor-type cells was found in the restored hosts, by 
cytological examination for marker chromosomes. 

The impairment of immunological reactivity following neonatal 
thymectomy has been correlated with the resultant wasting syndrome and 
deficiency of small lymphocytes in the lymphoid tissues. However, it was 
found [42] that this wasting disease did not occur in germ-free mice 
thymectomized at birth. Subsequently the impairment of reactivity to 
allogeneic skin-grafts, whilst still present, was found to be of lesser degree 
in neonatally thymectomized germ-free mice, as opposed to normal 
mice [43]. Therefore it was held that whilst some degree of immunological 
impairment is a primary consequence of neonatal thymectomy, other 
factors, such as bacterial contamination, endotoxins, and competing 
antigens, are also operative in normal mice to produce depression of the 
immunological response. 

So far this discussion has been confined to mice. The consequences of 
thymectomy in higher mammals have been far less exciting. 

In dogs no increased survival of allogeneic renal transplants was 
observed when thymectomy was combined with administration of 
immunosuppressive drugs [44, 45]. The value of the findings in [44] is 
limited by there being no interval between thymectomy and the start of 
immunosuppressive-drug therapy. Thus no time was allowed for any 
immunological consequences of thymectomy to become fully manifest. 
However, in further experiments with dogs there was an interval of 1 
month between thymectomy and sublethal whole-body irradiation and a 
further month between irradiation and challenge with an allogeneic skin- 
graft [46]. Again there was no prolongation of graft survival by comparison 
with that in untreated dogs. 

In man Starzl [45] performed thymectomy concomitant with allogeneic 
renal transplants. Supporting immunosuppressive therapy was given 
using radiomimetic drugs. He found no decrease in the need for drug 
therapy or in the number of ‘rejection crises’ suffered by his patients and 
concluded that the value of thymectomy was not proved. 

It would thus seem that the usefulness of thymectomy as a means of 
abrogating the homograft response is confined to rodents, and the results 
cited above provide an interesting example of species variation. 


D. Chronic Thoracic Duct Drainage 

Allogeneic skin-graft survival was prolonged in rats depleted of small 
lymphocytes by chronic thoracic duct drainage [47]. This finding received 
support from the observation [48] that when a thoracic duct fistula was 
maintained in rats for 5 days prior to skin-grafting, the mean survival 
time of the allogeneic grafts was 13 days, as compared with 8 days in 
untreated controls. 


E. Antilymphocytic Serum 
1. IMMUNOSUPPRESSIVE PROPERTIES in vivo 


Interest in the potentialities of antilymphocytic serum as an immuno- 
suppressive agent stemmed from the concept that, as the lymphocyte 
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played a crucial role in the destruction of foreign grafts, so an antiserum, 
raised in an xenogeneic host by immunization with lymphocytes of the 
potential recipient species, might be effective in suppressing homograft 
immunity. 

This etre rhenll was first investigated by Woodruff, Woodruff, and 
Forman [see 9], without any encouraging results. However, Woodruff 
and Anderson [48, 49] were subsequently able to obtain a profound 
suppression of homograft immunity and have thus opened perhaps the 
most exciting era, to date, in transplantation immunology. They 
immunized rabbits with three intraperitoneal injections of rat thoracic 
duct lymphocytes, given at weekly intervals, and bled them 10 days there- 
after. Further bleedings were at a similar interval after subsequent 
single injections of lymphocytes. The resulting rabbit anti-rat lymphocyte 
serum was administered intraperitoneally to rats bearing allogeneic skin- 
grafts. A number of therapeutic regimens was employed, but the maximum 
effect was obtained by ‘combining pretreatment in the form of either the 
creation of thoracic duct fistula or administration of antilymphocytic 
serum in high dosage with long continued administration of antilympho- 
cytic serum in smaller dosage after grafting’. An indication of the 
magnitude of the effect is given by the finding that among 7 animals, 
treated according to the above method, the survival time for allogeneic 
grafts was greater than a mean of 91 days, whilst in untreated animals the 
corresponding figure was 8 days. Although an initial lymphopenia and 
histologically evident damage to the lymphoid tissue resulted from the 
therapy, in animals where antiserum administration was continued with 
resulting survival of allografts the latter occurred in spite of a return of 
the peripheral lymphocyte count to normal. This finding suggested that 
destruction of lymphocytes alone was not responsible for the immuno- 
suppressive effect. 

Subsequent studies have confirmed and extended the above finding. In 
mice [50] daily dosage of rabbit anti-mouse lymphocyte serum for 7 days 
prior to skin-grafting was capable of producing prolonged survival of both 
first- and second-set allografts and also xenogeneic grafts of rat skin. The 
active principle resided in the gamma-globulin fraction of the serum. 

Thymectomy in adult mice potentiated the immunosuppressive effect 
of rabbit anti-mouse lymphocyte serum, given for 7 days before skin- 
allografting [51]. 

The optimal time for administration of antiserum in relation to challenge 
with an allogeneic skin-graft has been investigated [52]. Antiserum was 
most effective when it followed antigenic challenge. Also the degree of 
immunosuppression was proportional to dosage and duration of treat- 
ment. In addition, the antiserum was found to be very effective in 
depressing the second-set reaction to skin allografts, although after a 
finite course of treatment rejection eventually took place. 

In the above [52] an antiserum prepared against mouse thymocytes was 
used. The reasons for this were that antithymocyte serum was more 
effective than antilymphocyte serum [53], and thymectomy coupled with 
antiserum administration resulted in a greater degree of immuno- 
suppression [51]. It is thought that antithymocyte serum may perform an 
‘immunological’ thymectomy. 
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In dogs [54] a striking prolongation of renal allograft survival was found 
following the daily administration of horse anti-dog lymphocyte serum, 
by intravenous injection, commencing the day before kidney grafting. 

In a further study [55] it was reported that horse anti-dog lymphocyte 
serum was poorly tolerated by the intravenous route, but when given as a 
daily subcutaneous injection prolonged the survival of renal allografts. 
Two dogs from a series of 10 lived for more than 250 days after operation. 

In a preliminary experiment horse anti-pig leucocyte serum, prepared 
by immunizing horses with pig mesenteric lymph-node cells, was effective 
in prolonging the survival of skin allografts [56]. In pigs which received 
daily intravenous injections of 1-5 ml. serum per kg. of body-weight from 
the day of grafting, skin-graft rejection was found to begin on day 18 as 
compared with day 8 for pigs receiving no treatment or normal horse 
serum. 

In monkeys subcutaneous injection of both antithymocyte and to a 
lesser extent antilymphocyte serum, prepared in rabbits, was effective in 
prolonging the survival of allogeneic skin-grafts [57]. IgG obtained from 
the serum was also effective. It is of interest to note that an allogeneic 
monkey antilymphocyte serum (cynomolgus anti-Rhesus) was only able 
to produce a slight prolongation of skin-allograft survival, even when 
given in high doses. 

Clinical studies have to date been limited. However, Starzl et al. [58] 
have administered a horse anti-human lymphocyte globulin prepared 
against human spleen cells, and consisting of gamma-globulin, T-equine- 
globulin, and beta-globulin, for 6 days before and 4 months after renal 
allografting in 20 patients. The injections were by the intramuscular 
route. Imuran and prednisone were also given to the patients. Nineteen 
of the patients were alive and well up to 9 months postoperatively, despite 
the fact that the doses of Imuran and steroids given were less than in any 
previous series of renal transplants performed by Starzl and his group. 

Purified IgG globulin from rabbit anti-human lymphocyte serum was 
tested in 5 volunteers [59]. Three subcutaneous injections were given, 
two before and one after skin allografting. A modest prolongation of skin- 
graft survival was observed. 

Recently the in vivo potency of human antileucocyte sera has been 
assayed by its ability to prolong the survival of skin-allografts in 
chimpanzees [60]. The rationale of this procedure is that man and 
chimpanzee share a significant number of major histocompatibility 
antigens. Using this assay it was found that an antiserum raised in a horse, 
against human peripheral blood lymphocytes, was more immuno- 
suppressive and less toxic than one raised against spleen cells. 

In a further study, antisera raised in horses against human blood 
lymphocytes were again found to be more potent, as judged by the cyto- 
toxic titre in vitro, than antisera against spleen cells [61]. 


2. DANGERS OF ADMINISTRATION 


Although antilymphocyte serum is so profound a suppressant of the 
homograft reaction that it has been termed the ‘magic bullet’, its adminis- 
tration particularly in man is not without risk. The dangers encountered 
are :— 
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a. Anaemia: However antilymphocyte serum is prepared there is always 
some erythrocyte contamination of the immunizing injections. This 
results in the production of haemagglutinins and if antisera with this 
activity are administered they result in severe anaemia of the recipient. 
The haemagglutinin titre can be reduced to safe levels by prior absorption, 
in vitro, of the antiserum with packed erythrocytes of the potential 
recipient species [see, for example, 54]. 

b. The administration of foreign protein is obviously liable to induce 
either acute anaphylaxis or serum sickness (see Chapter 7). This danger is 
highlighted by the observation [62] that antilymphocyte serum does not 
suppress immunity to itself. The use of IgG rather than whole serum is 
a necessary precaution in man. None the less, mild reactions have been 
encountered following administration of IgG, obtained from anti- 
leucocyte serum, to man [58, 59]. 

c. Two kinds of renal injury can theoretically follow administration of 
heterologous antilymphocyte serum. The first is a Masugi-type nephritis 
wherein there is binding of anti-kidney antibody to glomerular antigen 
shortly after the beginning of antiserum administration [63]. Using 
fluorescein-labelled antibodies it can be shown that there are secondary 
accumulations of host gamma-globulin and B,C complement. The presence 
of anti-kidney antibody in antilymphocyte serum may initially cause 
surprise, but it is known that there is considerable antigenic overlap 
between the several types of nucleated cell for a given species. This is 
demonstrated by the finding [64] that the anti-white cell titre of an anti- 
dog serum could be markedly reduced by prior absorption against dog 
liver or kidney tissue. 

_ The other type of renal lesion, which arises secondary to serum 
sickness, results from the deposition of peripherally formed soluble 
antigen-antibody complexes in the microcirculation of the glomeruli, 
where they provoke a secondary inflammatory reaction. An associated 
accumulation of host gamma-globulin and £,C complement again occurs. 
Such a lesion has been found in antiserum-treated dogs [64]. 

Both the above lesions are difficult to reverse since the globulin deposits 
have been shown to persist for a long period [65]. 

d. Pain, vedema, and tenderness at the site of injection of antiserum 
yee been reported in man [58, 59]. Such reactions may be accompanied 

y fever. 


3. PROPERTIES in vitro AND ASSAY OF POTENCY 


There is no way of predicting, from activity in vitro, the power of a given 
sample of antilymphocyte serum to Suppress the homograft reaction. 
However, a number of in vitro properties have been employed to give a 
rough guide to this. 

a. Leuco-agglutination: A suspension of leucocytes from an animal of 
the species against which the antiserum is directed is incubated with 
serial doubling dilutions of the antiserum under test. The highest serum 
dilution at which agglutination of leucocytes is present, as assessed micro- 
scopically after 2 hours’ incubation at room temperature, is known as the 


‘leuco-agglutinin titre’. The reaction is independent of the presence of 
complement. 
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b. Cytotoxicity: Incubation for 14 hours at 37° C. is carried out with an 
equal volume of leucocyte suspension and serial doubling dilutions of 
serum. Exogenous complement must be added if the serum under test has 
previously been decomplemented. At the end of the incubation period a 
sample of the leucocytes is diluted with 0-165 per cent trypan blue in a 
haemocytometer tube and the percentage of stained and unstained cells 
determined. The titre is recorded as the highest dilution of antiserum 
giving a predetermined percentage of stained (or dead) cells. This 
percentage has been taken as 10 [66]. It will be clear that control tubes 
containing leucocytes-+complement+-normal serum, leucocytes+-comple- 
ment, and leucocytes alone must be included. Using these reactions, it 
was shown [66] that absorption with red cells to reduce the haemagglutinin 
titre of the antiserum did not reduce its effect on leucocytes. In addition, 
it was found that the antiserum was species specific: rabbit anti-rat serum 
had no effect on dog leucocytes, and sheep anti-dog serum none on rat 
leucocytes. On the other hand, the antiserum did not show intraspecies 
specificity in that horse—anti-beagle serum was equally effective against 
both beagle and mongrel dog leucocytes. Finally, freezing and thawing or 
freeze drying with reconstitution in distilled water did not reduce the 
leucoagglutinin or cytotoxic titres of the antiserum against the appro- 
priate leucocytes. 

c. By first treating rat thoracic duct lymphocytes in vitro with rabbit 
anti-rat lymphocyte serum and subsequently, after washing, with goat anti- 
rabbit globulin serum, conjugated with fluorescein, it was shown [66] 
that the rat lymphocytes became coated with rabbit globulin. 

d. In the absence of complement, rabbit anti-human leucocyte sera have 
mitogenic activity when added to human leucocytes in tissue culture [67, 
68]. The explanation of this finding is thought to be the presence of 
specific receptors on the cell membranes of the lymphocytes from which a 
biochemical message is transmitted to the nucleus, following stimulation 
of the receptor by the antiserum. 


4. MECHANISM OF ACTION 


The mechanism by which antileucocyte sera suppress the homograft 

reaction is unknown, but there are a number of hypotheses with varying 
amounts of evidence to support them. The subject has been reviewed 
52, 69]. 
: The al mode of action may be by destruction of lymphocytes. The 
administration of antilymphocyte serum has been observed to produce a 
lymphopenia in a variety of species: mice, rats, dogs, monkeys, and man. 
The effect is greatest after the initial injections of antiserum and depression 
of the homograft response has been observed to outlast the lymphopenia. 
Furthermore, a far more profound depletion of lymphocytes was found 
following the creation of a chronic thoracic duct fistula than 1s observed 
following administration of antiserum [47]. On the other hand, the effect 
of antiserum on the homograft reaction was much more marked. 

In view of the particular effectiveness of antithymocytic sera (see above), 
it has been suggested that the antisera may act through the production of 
damage to the thymus. This, however, is difficult to reconcile with the 
relatively small immunosuppressive effect of adult thymectomy. 
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A more attractive hypothesis is that the antiserum acts as a competitive 
antigen which having a specific affinity for lymphocytes effectively pre- 
empts the available immunologically competent cells, leaving none free to 
respond to other antigens. One way in which pre-emption might be 
assisted would be for the antiserum to act as a mitogenic agent in vivo as 
it does in vitro (see above), and so transform a significant proportion of 
the immunologically competent cells to a more primitive and hence 
incompetent state. It must be remembered, however, that transformation 
in vitro only occurs in the absence of complement, a situation which does 
not occur in vivo. 

Antilymphocyte sera may act by coating the cell membranes of lympho- 
cytes, as has been shown to occur [66] (see above). In this way the 
recognition of antigen may be prevented. Further experiments [70] 
demonstrated that the immunological competence of C57B1-strain lymph- 
node cells, as shown by their ability to produce a graft-versus-host reac- 
tion on injection into newborn A-strain animals, was impaired by exposure 
of the cells to antilymphocyte serum in vivo or in vitro. Reactivity could, 
however, be restored by in vitro exposure of the treated lymph-node cells 
to trypsin, a finding which favours the cell-coating hypothesis of ALS 
action. 

The latter two mechanisms of action would account for the non-specific 
suppression of the homograft reaction (e.g., to both allogeneic and 
xenogeneic grafts) produced, which may be contrasted with the specific 
suppression associated with specific immunological tolerance. 


V. SPECIFIC IMMUNOLOGICAL TOLERANCE 


Specific immunological tolerance has been defined [3] as ‘a state of 
reduced or absent reactivity to a particular antigen (or group of antigens). 
which would ordinarily evoke a specific reaction, in consequence of 
previous exposure of the organism to the same, or a closely related antigen 
(or group of antigens)’. 

The existence of this type of tolerance was predicted by Burnet and 
Fenner [71,72] as a consequence of their attempt to explain non- 
reactivity to effete ‘self’-antigens (in the form of breaking down ot 
damaged body tissues) as opposed to foreign antigens. They held that 
‘self’-antigens possessed ‘self-marker’ components able to forestall ar 
immunological reaction. The ability to recognize these markers developed 
in embryo, so that exposure to a foreign antigen during this period would 
result in a specific non-reactivity to the antigen during later life. 

The first demonstration of specific immunological tolerance was the 
finding, by serological tests, that the blood of synchorial cattle twins 
consists of a mixture of erythrocytes from the two individuals con: 
cerned [73]. Subsequently it was shown [74] that this erythrocyte 
chimaerism persisted longer than the life of the erythrocytes exchanged ir 
utero. Therefore, haemopoietic precursor cells must also have beer 
exchanged. 

Skin-allografts made between cattle twins similar to the above survivec 
permanently [75], whilst an orthotopic renal transplant made between ¢ 
pair of such twins functioned for 5 months [76]. 
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When skin was transplanted between two human twins, who were 
blood-group chimaeras, the grafts survived in good condition for a 
year [77]. 

It will be clear that the basis for the examples of tolerance described 
above is the exchange of antigen, in the form of cells, between the subjects 
concerned, during intra-uterine life. This exchange occurred by accident, 
but a similar situation was soon deliberately reproduced [16, 78, 79]. 
Sixteen-day embryo CBA mice were injected with 0-01 ml. of a suspension 
of cells from the testis, kidney, or spleen of A-strain mice. Those mice 
which survived received A-strain skin-grafts at 8 weeks of age. The 
majority of such grafts survived longer than in untreated animals. Further- 
more, the tolerance so induced was specific in that it did not extend to 
third-party, AU-strain skin. 

The story was carried a stage further by the observation [80] that rats 
of the Wistar strain, injected subcutaneously on the day of birth with an 
allogeneic spleen suspension from rats of the ‘hooded’ strain, showed a 
high degree of tolerance to ‘hooded’ skin when challenged therewith in 
adult life. A similar injection of spleen cells made at 2 weeks after birth 
was also capable of inducing partial tolerance to skin-grafts. Further- 
more, the level of tolerance so induced could be markedly increased by 
- administration of cortisone to the prospective spleen-cell recipients for the 
first 14 days of life. 

In similar experiments [81] A-strain mice received an intravenous 
injection of 4-10 million CBA-strain spleen cells within 24 hours of birth. 
The majority of the mice showed a high level of tolerance to CBA-strain 
skin when challenged at 8 weeks of age. The proportion of such mice 
showing tolerance was reduced to 50 per cent when the spleen-cell 
injection was postponed to the fourth day of life, and the phenomenon 
did not occur when the cell injection was made on day 7. It was found 
that lymph-node or spleen-cell suspensions, prepared from tolerant mice, 
could induce immunity to skin of donor (CBA) strain, if injected into 
mice isogenic with the tolerant animals (A-strain). This afforded evidence 
that the tolerant animals were indeed chimaeras. 

It would seem from the above that there is a critical period after birth, 
different for differing animal species, during which exposure to an 
antigen results in tolerance. Further evidence in support of this idea has 
been provided by work [5, 82] in chickens where a first transplant which 
had been in place for a considerable period of time may continue to 
survive, without gross change in its appearance, whilst a second transplant 
from the same donor is rejected. This finding also serves to illustrate the 
phenomenon of partial tolerance, for if tolerance had been complete the 
second graft would have been accepted as readily as the first. Partial 
tolerance is the result of exposure during the critical period to an in- 
adequate quantity of antigen for the induction of complete tolerance. 
Tolerance may be abolished by the adoptive transfer of immunologically 
competent cells from a non-tolerant donor isogenic with the tolerant 
host (see p. 323). ; : ree: 

The results cited above would permit of explanation on a qualitative or 
quantitative basis. Either there is a qualitative change in the reactivity of 
an animal to antigen, ranging from tolerance to immunity, with increasing 


14 
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age, or alternatively at a given age the development of tolerance or 
immunity is a function of the quantity of antigen used for challenge. It 
was found [83] that A-strain mice, given repeated intravenous and intra- 
peritoneal injections of (A <C,H)F, hybrid spleen cells to a total dose of 
1-5 x 10° cells, were tolerant rather than immune to subsequent challenge 
with (AXxC,H)F, skin-grafts. Furthermore [84], when the immune 
capacity of the adult host was depleted by prior whole-body irradiation 
(500 R), the dose of (A x CBA)F, spleen cells required to induce tolerance 
of hybrid skin in A-strain mice could be reduced to 0:8 x 10°. Spleen cells 
in such tolerant A-strain mice were capable of reacting against third- 
party C57B1 antigens. Conversely administration of a small dose, 
2x 104 to 2 10°, of (Ax CBA)F, spleen cells to A-strain mice on the day 
of birth is capable of preventing the induction of a graft-versus-host 
reaction in these mice, following injection of 20x 10® adult CBA strain 
spleen cells 48 hours after birth [85]. It would thus seem that a very small 
dose of antigen administered to mice in the neonatal period is capable of 
inducing immunity rather than tolerance. This finding, considered in 
conjunction with the demonstration that it is possible to induce tolerance 
in an adult animal with a sufficiently high dose of antigen and the occurrence 
of partial tolerance with lower antigen doses, would seem to establish the 
hypothesis that the development of immunity or tolerance depends on the 
quantity of antigen administered at a given age. 

A further question is whether the persistence in an animal of the 
tolerance-inducing antigen is necessary for the maintenance of tolerance. 
Chicken or turkey blood, irradiated in vitro with 10,000 R to destroy any 
leucocytes, was transfused into further chickens. Transfusions were 
begun before hatching and thus tolerance to the foreign, non-replicating 
erythrocytes was induced, as judged by the speed of elimination of a 
further challenge with ®!Cr-labelled erythrocytes of the same genotype, 
compared to that in non-tolerant animals. It was found that tolerance 
could be maintained by giving repeated injections of the appropriate 
erythrocytes, but that if these were omitted, so that donor antigen was 
gradually eliminated by natural death of the red cells, then further 
challenge with erythrocytes led to their immune elimination [86]. 

It is of interest to compare the abrogation of the homograft reaction 
resulting from administration of antilymphocytic serum with that seen in 
specific immunological tolerance. 

The non-reactivity to homografts arising from antiserum treatment is 
non-specific, extending both to allogeneic and xenogeneic grafts, whilst 
immunological tolerance is specific to the inducing antigen. 

Furthermore, the action of antiserum is peripheral, as is shown by its 
ability to prevent immunization of an animal following an orthotopic 
allogeneic skin-graft, but not following an intravenous injection of spleen 
cells of the same genotype [69]. It was also demonstrated that following 
the transfer of immunologically competent cells by intradermal injection 
(the normal lymphocyte transfer reaction) the reaction of these cells 
against their host, a local graft-versus-host reaction, could be prevented 
by a single small dose of antiserum administered to the recipient. However, 
relatively large and repeated doses of antiserum had to be administered to 
the cell donor to produce the same effect. 
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By contrast, specific immunological tolerance represents a central 
failure of the immune response, as shown by its abolition following 


adoptive transfer of immunologically competent cells from a non-tolerant 
individual. 


VI. GRAFT-VERSUS-HOST REACTIONS 
A. Conditions for Occurrence 


A graft-versus-host (GVH) reaction can be regarded as the converse of 
the homograft reaction, and it occurs under conditions in which a graft of 
immunologically competent cells from a genetically foreign donor is able 
to survive and multiply in a new host. It will therefore be clear that a 
GVH reaction may result :— 

1. When cells are grafted from an adult donor to a newborn host. 

2. When cells are grafted from an adult host of a pure-line inbred strain 
to an F, hybrid host, resulting from a cross between the donor strain and 
a second pure-line inbred strain. In this case the hybrid host cannot reject 
the pure-line donor cells whose antigens are fully represented in the hybrid. 
On the other hand, the donor cells can react against the antigenically 
foreign component of the host. 

3. Following transplantation of adult cells to an irradiated adult 
recipient. In this case the dose of irradiation must be sufficient to prevent 
rejection, at least for a time, of the transplanted foreign cells. 

4. When animals are joined to one another in parabiosis a vascular 
anastomosis is formed between them with the result that considerable 
quantities of blood, containing immunologically competent cells, are 
exchanged. 


B. Clinical and Pathological Features 


The main clinical and pathological features in animals undergoing a 
GVH reaction are retardation of growth, emaciation, diarrhoea, spleno- 
megaly, lymphoid atrophy, hepatomegaly, and anaemia. These changes 
may lead to death in a few days or a few weeks or to spontaneous 
recovery. There is a positive correlation between both the severity of the 
clinical features and the mortality, on the one hand, and the number and 
genetic diversity of the injected cells, on the other. 

The spleen goes through a phase of hyperplasia maximal 8-10 days 
after grafting [87] before returning to normal size or becoming atrophic. 
Histologically the picture is rather variable, but most workers, for 
example [88, 89] in mice, have noted a massive proliferation of mature 
and immature cells, staining with methyl-green pyronine, in the splenic 
red pulp and associated destruction of the Malpighian follicles. In the later 
stages of the reaction the splenic histology is dependent on the severity of 
the disease. In mild cases the spleen may return to normal, but in more 
severe cases, which, however, live for some time before death, atrophic 
changes supervene characterized by necrosis, fibrosis, and infarction. 

Extreme atrophy of the lymph-nodes has been described [90] as a 
cardinal feature of the GVH reaction in newborn mice. More recently, 
however, it has been shown [91] by injection of parent line cells into 
irradiated adult F, hybrid recipients that this may be preceded by a hyper- 
plasic phase at 8 days after injection. 
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An initial proliferation of cells from the plasma-cell series in the 
lymphoid follicles of rabbits undergoing a GVH reaction has also been 
reported [92]. 

skh coon in liver weight of chickens and mice was noted [88, 89]. 
The enlargement was of lesser degree than in the case of the spleen, 
although histologically the dominant feature was again an accumulation 
of plasma cells and their precursors, located in the periportal areas. 

The anaemia in chickens, mice, and rats has been found to be of a 
haemolytic type. 

It was shown [89] that in F, hybrid mice, undergoing a GVH reaction 
following injection of parental cells, there was an increased rate of 
clearance of intravenously injected colloidal carbon (up to ten times 
normal). This phagocytic activity was maximal 15 days after injection of 
the parental cells and returned to normal in 20-40 days. Histological 
examination of the livers in these mice showed a great increase in the 
number of carbon-containing phagocytic cells lining the sinusoids. 


C. Pathogenesis 


Although it has been definitely established that GVH reactions are 
immunological in nature, a precise explanation cannot be given for the 
sequence of events described under clinical and pathological features 
above. 

Several lines of evidence prove that the GVH reactions are immuno- 
logical. It is essential for a GVH reaction to be produced in newborn 
inbred mice that adult immunologically competent cells from a different 
inbred strain are injected [88]. If cells isogenic with their recipient are 
substituted no GVH reactions occur. Furthermore, such a reaction does 
not occur when the adult cell donors have been rendered specifically 
tolerant of the potential recipient strain [92]. 

Using two inbred strains of White Leghorn chickens, I and C, and their 
F, hybrid Ix C, it was demonstrated [93] that a GVH reaction, as indicated 
by splenomegaly in the newborn recipient following injection of adult 
whole blood, occurs only in the combination I+(CxI)F,, and not in 
either uninjected controls or in the combinations (CxI)F,>I or I+I. 
From these results it may be deduced that the splenomegaly arises as a 
result of a reaction by the grafted cells against the antigen of the host, 
rather than as a result of stimulation of immature host cells by contact 
with adult donor cells. 

As judged by the degree of splenomegaly, AKR spleen cells from adult 
mice produced a more marked GVH reaction in (AKR x C3H)F, hybrids, 
if the parent-line donors had been preimmunized against the F, hybrid 
antigens [87]. Furthermore, an increased mortality occurred among new- 
born A-strain mice injected with adult CBA-strain spleen cells when the 
donors had been preimmunized with A-strain tissue [90]. 

It may be of value to hang a discussion of the changes seen in GVH 
reactions mainly on events in the spleen.* Fox [94] investigated the fate 


* This discussion will refer to events where the host has not been irradiated prior to 


the injection of donor cells. For a description of cell kinetics in radiation chimaeras 
see pp. 341-2. 
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of the donor cells when CBA (T6) spleen cells with two marker chromo- 
somes were injected into adult (CBA x C57B1)F, hybrid mice. He found 
that at 48 hours post injection 60 per cent of the cells in the spleen were of 
donor origin. However, when host splenomegaly was at its height, 
13 days after injection of the T6 cells, only 1 per cent of spleen cells were 
of donor origin. Furthermore, he demonstrated that the donor cells 
persisted at this diminished level until at least the sixtieth day. The idea 
of an initial burst of donor-cell activity is also supported by the finding that 
rat thoracic duct lymphocytes labelled with tritiated thymidine, on injec- 
tion into allogeneic hosts, were transformed into cells indistinguishable 
from plasma-cell precursors [95]. These cells were located in the 
Malpighian follicles of the spleen. 

The findings of Fox concerning the origin of the spleen cells at the height 
of the splenomegaly are confirmation of those previously reported [96] in 
connexion with experiments on the injection of adult T6 cells into newborn 
recipients. It is thus clear that the events in a GVH reaction including the 
haemolytic anaemia are determined by the initial burst of donor-cell 
activity, for subsequently donor cells form only a small minority of those 
present (at least in the spleen and probably in other organs also). It is 
therefore possible that the immunological activity of these donor cells 
may cause damage to the host, and the changes which follow, character- 
ized by a proliferation of host cells, may be regarded as reactive hyper- 
plasia. Depending on the degree of initial damage, this hyperplasia may 
restore the host to normal or may fail and be succeeded by atrophy of the 
lymphoid tissues and death. 

The raised phagocytic activity noted [89] may be associated with the 
removal of damaged host cells, although the failure to find increased 
uptake of injected carbon in the spleen, one of the principal sites of 
damage, must be noted. 

Much controversy has arisen concerning the nature of the pyronino- 
philic cells seen at the height of the host proliferative response. Howard [89] 
has suggested that they are members of the plasma cells series, whilst 
Gorer and Boyse [97] have held that they are phagocytic in nature. If one 
agrees with Howard, it is necessary to explain against what antigen the 
massive proliferation of antibody-forming plasma cells is directed—a 
difficult question, but it could be argued, as above, that the stimulus is 
the restoration of the host’s damaged immunological capacity. How- 
ever, it has been demonstrated [98] that the pyroninophilic lymph-node 
cells of mice undergoing a GVH reaction lack the endoplasmic reticulum 
typical of plasma cells and later develop into histiocytes. _ 

Two reasons have been suggested [99] why host phagocytic cells might 
proliferate in GVH reactions. First, they might be stimulated to undergo 
mitosis by the action of antibody elaborated by the donor cells, and, 
second, having been passively sensitized by these antibodies they would 
proliferate under the influence of the host’s own antigens. 

It was further postulated that the proliferating macrophages being 
passive vectors of a delayed hypersensitivity response may actually play a 
part in the destructive effect on the host. 

The above description of the cell kinetics in GVH reactions represents 
the situation in the case of the majority of donor-host combinations. The 
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position is, however, made somewhat confusing by the finding [94] that 
following injection of CB57B1 spleen cells into (C57B1 x CBA (T6) )F, 
mice, the host spleen was progressively replaced by donor cells. This 
replacement was 100 per cent on the thirteenth day when the splenomegaly 
was at its height. However, only 1 of the animals in this experiment died 
of a GVH reaction. 

These findings raise the question of the fate of the donor cells. There 
are three possibilities: that they persist indefinitely with undiminished 
reactivity towards the antigens of the host, that they are eliminated or 
rendered immunologically incompetent, or that some intermediate situa- 
tion exists. Using the discriminant spleen assay (see p. 339) it was found 
that in (C57B1 x CBA)F, mice, donor anti-host activity persisted following 
injection of C57B1 cells, albeit to a much decreased extent [100]. No such 
activity was found following injection of CBA cells. 

With regard to the retardation of growth and emaciation, it is of interest 
to compare these clinical features with the similar picture following 
thymectomy in the newborn mouse. Both GVH reactions and thymectomy 
are associated with a destruction of host lymphocytes. 

There remains the question of what causes death in some GVH reactions. 
The degree of anaemia encountered is scarcely sufficient to do so, whilst 
in contrast to what might be expected, an increased resistance to some 
bacteria at the height of the phagocytic response has been reported [101], 
although, as Simonsen [91] comments, the result may have been different 
at other stages of the reaction. 

Another factor contributing to death may be the generalized inhibition 
of host mitotic activity in the later stages of the disease. 


D. Prevention of Graft-versus-host Reactions 


In three strain combinations injection of isogenic adult spleen cells into 
newborn mice, half an hour after the injection of a similar number of 
adult allogeneic spleen cells, caused a marked reduction in the mortality 
from the GVH reaction [102]. A similar observation, using weight-gain 
as an indication of protection against the GVH reaction, has been 
reported [103]. Furthermore, the degree of protection could be increased 
by the use of isogenic spleen cells from animals preimmunized by a graft 
of skin from the donor strain. 

In the strain combination adult C57B1 spleen cells into DBA/2 newborn 
mice, significant protection against mortality from the GVH reaction was 
afforded by transfer of serum from DBA/2 mice preimmunized against 
C57B1 tissue [104]. This was true when the DBA/2 newborn mice received 
serum as late as 2 days after injection of allogeneic cells. 

The beneficial effect of repeated small doses of methotrexate given, sub- 
cutaneously, to strain A mice which had received sublethal whole-body 
irradiation followed by the intravenous injection of massive doses of 
spleen cells from non-immunized CBA-strain mice has also been 
demonstrated [30]. 


E. The Measurement of Graft-versus-host Reactions 


A crude index of the severity of GVH reactions may be had in the 
mortality-rate of affected animals, their time of death after injection of the 
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donor cells, and also in terms of the degree of growth retardation in new- 
born animals. These parameters are of greatest value in demonstrating 
that GVH reactions are stronger between some strain combinations of 
animals than others. A more sensitive assay is based on the development 
of splenomegaly in mice undergoing a GVH reaction [105]. In essence it 
can be shown that the spleen weight in inbred chickens and mice is directly 
proportional to the body-weight. Furthermore, the degree of spleno- 
megaly at a fixed time after the injection of donor cells is an index of the 
magnitude of the GVH reaction. 

Therefore, GVH reactions may be compared as to their intensity by 
means of an index obtained from the following expression :— 


Wt. of spleen/unit body-wt. in injected mouse 
Mean wt. of spleen/unit body-wt. in uninjected (control) mice’ 


An example of this assay is described below in the section dealing with 
uses of GVH reactions (see p. 340). 

A practical point concerning the above assay is that it is best, when 
possible, to use litters of hybrid mice between 3 and 8 days old, on account 
of hybrid vigour, the fact that newborn animals are more sensitive to the 
induction of splenomegaly than older mice, and the absence of any 
possibility of a host-versus-graft reaction if parent-line cells are injected 
into an F, hybrid animal. 

A refinement of the spleen assay is the discriminant spleen assay [87], 
which may be employed to estimate separately the activity of two immuno- 
logically competent cell populations, when these are mixed together, as in 
chimaeras. If the two cell populations are from inbred strains A and B, then 
the A component of the mixture may be assayed if the mixture is injected 
into an (A xC)F, hybrid, where C is a third inbred strain whilst the B com- 
ponent is assayed following transplantation to a (BxC)F, hybrid. It is 
obvious that this method will only afford evidence concerning the reactivity 
of A and B cells, separately, against antigens of the third strain C. In 
order to investigate the reactivity of the A and B cells in the mixture 
against one another, it is necessary to transfer the mixture to potentially 
tolerant newborn mice of both strains A and B. 

The finding [89] of an increased rate of clearance from the blood of 
injected colloidal carbon is also the basis of an assay for GVH reactions, 
which has the advantage that it can be performed repeatedly on blood 
samples withdrawn from the same mouse without killing the animal. The 
blood is lysed in 0-1 per cent Na,CO, and the carbon concentration 
determined in a photo-electric absorptiometer. The rate of carbon 
clearance follows an exponential function, so that the phagocytic index 
K is found from the expression. 


log concentration a—log concentration b 
wit snare ale lta Tie = Nhat eeepc 
th—ta 


> 


where ta and tb are the times, in minutes, at a and b. Howard has shown 
that the value of K is directly proportional to the magnitude of the GVH 


reaction. 
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F. The Use of Graft-versus-host Reactions as Research Tools 


The GVH reaction has been widely used to elucidate some of the 
fundamental problems of transplantation biology, and a number of in- 
stances have been reviewed [91]. Two illustrative examples may, however, 
be considered. Symes (unpublished) wished to investigate the immuno- 
logical competence of mouse spleen cells after storage at 4° C. forvary- 
ing periods. He therefore injected C57BI spleen cells from the same pool 
which had previously been stored for 1, 3, or 5 days into (T6 x C57B1)F, 
hybrid adult mice, and killed the hybrids after an interval of 14 days, to 
determine the several spleen indices. The results are shown in Table 
XXIV, from which it may be seen that significant immunological 
competence was only retained for 24 hours of storage at 4° C. 


Table XXIV.—AN ASSAY OF THE IMMUNOLOGICAL COMPETENCE OF C57Bl 
SPLEEN CELLS FOLLOWING STORAGE FOR VARYING PERIODS OF 4° C., 


(C57BI x T6)F, Mice (RECIPIENTS) 








CS57Bl CELLS =|————————_—_- 
INJECTED Spleen ratio 

= mg. spleen/ | Mean | Spleen index 
10 g. mouse 

Nil 41:3; 54-4 
35:7; 40-9 
37:0; 38-7 
32:3; 40-6 
31-6; 46:3 39-9 

Not stored 94-3; 83-9 2590. > 210 
83-1; 83-6 208-4 210 
65:75) 70-7 65; 1°77 
89-3; 109-7 2:24; 2-75 
83-9 2:10 

Stored for 1 day 71:5; 39:3 1:79; 0:98 
61:6; 84-4 1:54; 2°12 
55-6 1-39 

Stored for 3 days 38:2; 33:8 0:96; 0-85 
48:0; 35-7 1-20; 0-90 

Stored for 5 days 37°5; 36:1 0:94; 0-90 
49-1; 43-3 1-23; 1-09 


Se ee ne ee ee 
Fifty million spleen cells were in each case injected intravenously into an adult 
(C57Bl x T6)F, adult mouse, which was killed 14 days later. : 


The discriminant spleen assay has been applied [92] to investigate 
whether adult A-strain mice, rendered tolerant of CBA-strain tissue, 
following neonatal injection of CBA spleen cells, can react to third-party 
antigens by virtue of the activity of the host A-strain cells or only by proxy 
through the activity of the donor CBA cells. It was found that ‘activity, 
attributable to the host component, against third party antigens, was 
undiminished as compared with that of untreated A-strain mice’. 
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G. The Relevance of Graft-versus-host Reactions to Clinical Practice 


GVH reactions present a major hazard in a variety of clinical situations. 
The most extensively studied of these is the question of protection against 
the lethal effect of whole-body irradiation by transplantation of allogeneic 
bone-marrow. 


VII. CHIMAERAS 


A chimaera is an animal or man in which two distinct cell populations 
coexist, the cells of the subject in question and those of another subject. 
Such a situation may arise :— 

_ 1. When cells from a donor are injected into a host during the tolerance- 
inducing period of the recipient’s life. 

2. As a variant of (1), when injection of the donor cells is made into an 
adult host following such a degree of immunosuppression that rejection 
of the graft cannot occur, or when a massive number of cells is injected so 
as to constitute a tolerance-inducing antigenic overload. 

3. When the donor and host stand in such a genetic relationship to one 
another, e.g., parent line and F, hybrid, that rejection is impossible. 

The immunological characteristics of chimaeras, arising under situations 
(1) and (3) above, have already been discussed, but some remarks on 
radiation chimaeras may be pertinent. Radiation chimaeras have been 
the subject of a recent monograph [106]. 

Jacobson et al. [107] reported that shielding of the spleen or of a whole 
leg during the administration of an otherwise lethal dose of whole-body 
irradiation to mice resulted in protection of the animals from death due to 
aplasia of the bone-marrow. Such protection might be the result of either 
the elaboration, by the shielded tissue, of a humoral factor responsible for 
the regeneration of the haemopoietic tissue or the seeding of viable 
haemopoietic cells from the protected site into the rest of the animal. 

The observation [108] that removal of the shielded spleen, no more than 
5 minutes after the completion of irradiation, still resulted in a significant 
degree of protection seemed evidence in favour of the humoral hypothesis. 
However, the cellular hypothesis has since been proved by several lines of 
evidence. It was found [109] that following the protection of lethally 
irradiated mice, by administration of rat bone-marrow, the majority of the 
recipient’s haemopoietic cells were of rat origin, as shown by the distinctive 
arrangement of the chromosomes in metaphase plates. A similar situation 
was also found in allogeneic chimaeras where the donor cells were of T6 
origin. 

The presence of rat leucocytes in rat/mouse radiation chimaeras was 
demonstrated using the finding that rat granulocytes in blood-smears 
show positive staining for alkaline phosphatase, whilst mouse cells are 
negative in this respect [110]. ys 

Finally, the use of bone-marrow cells from allogeneic radiation 
chimaeras to restore lethally irradiated animals of either host or donor 
genotype revealed that a much smaller dose was necessary to save mice 
of the donor strain [111]. This suggested that donor-type cells formed the 
majority in the first chimaera. The original observations of Jacobson 
would therefore seem to be a reflection of the migratory potential of spleen 


cells. 
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Radiation chimaeras have been classified [106] into ‘true chimaeras’ 
which consistently show a haemopoietic cell population of exclusively 
donor origin, ‘partial reversals’ where a mixed population of donor and 
host-type cells coexist for a long period, and ‘total reversals’ in which 
there is complete recovery of the host’s own haemopoietic tissue with total 
elimination of donor cells. 

The establishment of ‘true chimaeras’ depends on the administration of 
a sufficiently high, usually a LD 100, dose of whole-body irradiation, and 
for a given radiation dose on the genetic similarity between donor and 
host. 

The phenomenon of reversion can theoretically have two explanations: 
first, the rejection of the donor cells by the recovered immunological 
processes of the host or, secondly, competition between donor and host 
cells, in a milieu favourable for the proliferation of the latter. 

A priori, the first explanation would seem most likely, particularly in 
view of the interdependence between radiation dosage and the establish- 
ment of true chimaerism. However [112], spleen cells from a second 
animal, isogenic with the host component in a chimaera, were no more 
effective in inducing a reversion if they had previously been immunized 
against donor-strain tissue. Furthermore, isogenic non-immunized 
lymph-node cells were ineffective. Finally [113], in allogeneic rat 
chimaeras, haemopoietic reversal could occur whilst tolerance to donor- 
type skin-grafts was maintained. 

In the case of ‘partial reversal’, mutual tolerance between the donor 
and host cells may be established [114]. 

True chimaeras show immunological reactivity characteristic of the 
donor cells. For example [115], lethally irradiated DBA-strain mice 
restored with (DBAxBALB)F, bone-marrow accepted BALB skin- 
grafts in the majority of cases, whilst DBA/2 mice protected with 
TLL ERE accepted BALB/C skin but rejected third-party C57Bl 
skin ; 

As may be expected, in the case of true chimaeras, the donor cells may 
launch a GVH reaction. For example [117], it was found that CBA mice 
repopulated, following irradiation, with BALB/C cells rejected pre- 
existing CBA skin-grafts. 

In general GVH reactions in radiation chimaeras are similar to those 
described above. 

There remains the question of the reactivity of true chimaeras to third- 
party antigens. This is delayed for varying periods of time depending on 
whether bone-marrow or bone-marrow plus lymphoid tissue is used in 
restoration. It is also dependent on the magnitude of the GVH reaction 
induced, which tends to diminish anti-third-party reactivity, and on the 
degree of ‘foreignness’ of the challenging antigen, which is directly related 
to the strength of the immune response [118]. 


VIII. DoNor SELECTION IN HUMAN-ORGAN TRANSPLANTATION 


Assuming, as is by no means invariably true, that there is a panel of 


potential organ donors for a given transplant recipient, the problem is to 
decide which one to select. 
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Methods of donor selection have been divided into two broad groups, 
‘matching’ and ‘typing’ [119]. 

Matching represents an attempt to evaluate, in terms of immunological 
reactivity, the sum of all the individual antigenic differences between a 
given donor and host. Typing is more precise in that it attempts to define 
the individual antigens which a given donor-host combination share and 
those by which they differ. 

The ultimate aim of typing is to recognize and classify the individual 
transplantation antigens in man so that a series of antigenic profiles may 
be assembled and the donor selected from among those with the same 
profile as the intended recipient. Typing, however, suffers from the 
disadvantage that it only defines antigenic differences, and gives no 
information as to how a given transplant recipient will react thereto. 


A. Matching 


Matching techniques are fairly numerous, but only two will be con- 
sidered here, the normal lymphocyte transfer test and mixed lymphocyte 
culture. 

The normal lymphocyte transfer test (N.L.T.) was first described in 
guinea-pigs [120]. In principal, it consists in transplanting intradermally 
into each of the prospective donors a fixed number of lymphocytes, for 
example 5 million, separated from the peripheral blood of an intended 
recipient. At 48 hours after transfer an area of induration and erythema 
is observed at the site of the injection. This is thought to be due to a local 
GVH reaction, as it is not obtained following the injection of dead 
lymphocytes, and when the initial reaction has subsided it may be followed 
by a second reaction at between days 8 and 10. The second reaction may 
be host-versus-graft in character as it can be accentuated by transplanting 
skin from the lymphocyte donor to the recipient at the same time as the 
lymphocyte transfer. 

The size of the reaction at 48 hours is, in principal, directly related to 
the degree of histo-incompatibility between the lymphocyte donor and 
recipients. Therefore the recipient which showed the smallest reaction 
would be selected to donate the organ required. 

The test was applied to predict the relative times at which 16 pairs of 
skin-grafts to human volunteers would be rejected. It did so correctly in 
9 cases and was incorrect in 2 [119]. In the other 5 cases the skin-grafts 
were rejected simultaneously. A positive correlation between the quality 
of the match and a subsequent favourable clinical course was also found 
in a series of 11 kidney transplants [119]. 

There are, however, a number of disadvantages to the N.L.T. test. The 
injection of lymphocytes may expose the potential donor to transmissible 
disease, whilst the donor may also be immunized against the recipient’s 

issues. 

The mixed lymphocyte reaction is based on the finding that the cells in 
human leucocyte suspensions, when cultured in the presence of various 
stimuli—for example, an extract of the bean Phaseolus vulgaris, known as 
‘phytohaemagglutinin’, and tuberculin (when the leucocytes come from a 
tuberculin-sensitive individual) [121]—undergo transformation to a more 
primitive state. The so-called ‘transformed’ lymphocytes are large cells, 
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with a relatively small amount of strongly basophilic cytoplasm, some- 
times containing a number of vacuoles of uniform size and shape, a large 
nucleus with a coarse chromatin pattern, and a prominent nucleolus. 

Similar transformation occurred when leucocytes from two individuals 
were mixed together in culture [122]. It was therefore argued that the 
degree of transformation might be directly related to the magnitude of the 
histocompatibility differences between individuals. ; 

The tedium of counting large numbers of cells was removed by adding 
tritiated thymidine at the beginning of culture, and subsequently digesting 
the washed cells, so that the incorporated radioactivity could be deter- 
mined [123]. 

Using this modification, an accurate prediction was made of the order of 
skin-graft rejection in five separate experiments, where grafts were 
simultaneously transferred from 2 or 3 subjects to a single recipient [119]. 

A common failing of matching techniques is that they only discriminate 
between relatively large antigenic differences. 


B. Typing 

Dausset [124] first demonstrated that human leucocyte agglutinins were 
iso- rather than auto-antibodies. This finding suggested that it might be 
possible to group leucocyte antigens in a similar manner to that well 
known for erythrocyte antigens in blood grouping. In practice three 
immunological reactions have been used to recognize leucocyte antigens: 
cytotoxicity [125], agglutination [126], and complement fixation [127], 
arranged in ascending order of the antibody level above which the test is 
positive. 

Antisera for use in these reactions have been obtained from women 
following multiple pregnancies and from patients who have received 
multiple blood transfusions. One major problem has been to obtain sera 
that are mono-specific, that is, will recognize only one antigen. As will be 
seen from the foregoing, this problem may be in part solved by using the 
complement-fixation reaction, but, on the other hand, this test is so 
relatively insensitive that when using it antisera will sometimes fail to 
detect the leucocyte antigens present. An alternative approach has been 
to absorb antisera with known leucocyte antigens, before using them in 
the cytotoxic test. 

Van Rood and his colleagues have tested a considerable number of 
potential antisera separately against each member of a group of randomly 
selected individuals using the agglutination reaction. The results were 
fed into a computer in order to determine whether some of the sera might 
recognize the same antigens. This appeared to be the case. Therefore 
family Studies were performed to determine the relative frequencies of 
known antigens in the leucocytes of parents and their offspring. In this way 
evidence for genetically controlled inheritance of the antigens was found. 

On the basis of the results, the following leucocyte antigens are recognized 
by Van Rood et al.: 4a, 4b, 5a, Sb, 6a, 6b, 7a, 7b, 7c, 7d, 8a, and 9a. Their 
results have led them to Suggest that groups 4, 6, 7, 8, and 9 are closely 
linked and may even be on the same locus, whilst group 5 is an independent 
system. Furthermore, antigens 4a and 4b appear to be alternatives. as do 
Sa and 5b, 6a and 6b, and 7b, 7c, and 7d. 
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In 1965 a ‘workshop’ was organized in Leiden to determine whether 
there was any relationship between the antigens described by Van Rood 
and colleagues and those of other workers. The plan of the study was 
that each participant used his own antisera and techniques to type a 
panel of leucocytes previously characterized by the Leiden workers, 
according to the leucocyte antigens listed above. The results indicated 
a marked correlation between the antigens of the Leiden groups and 
those of the other participants. The results of this workshop have been 
published [128]. 

The concept that the leucocyte antigens discussed above are related to 
transplantation antigens depends on whether such antigens are shared by 
other nucleated cells, and must be verified by comparing the fate of grafts 
with the degree of leucocyte compatibility between donor and recipient. 

Evidence in favour of leucocyte antigens being common to other 
nucleated cells has been reported [129]. 

The evidence that graft survival is related to leucocyte compatibility is 
suggestive but not conclusive. Skin-grafts exchanged between siblings 
showing compatibility for the leucocyte antigens described by the Leiden 
group survived for a mean of 19-4 days, whilst grafts made in the presence 
of leucocyte antigen incompatibility had a mean survival of 14-4 days [130]. 
However, it was found in the same study that the degree of leucocyte 
incompatibility could not be used to predict the fate of skin-grafts 
exchanged between unrelated individuals or between parents and offspring. 
In the case of the former situation, failure was ascribed to variations in the 
immunological reactivity of the recipient, whilst in the latter specific 
tolerance or immunity persisting from the intra-uterine period may be 
implicated. These findings serve to illustrate that factors other than 
leucocyte antigens may affect the fate of a graft. 

In patients where leucocyte compatibility with the donor was assessed 
by reactivity of individual antisera against the lymphocytes of both parties, 
as well as by matching for six known leucocyte antigens, an improved 
early outcome following renal transplantation was obtained [131]. This 
was assessed both in terms of survival and the severity of the pathological 
changes in the grafted kidneys. However, the number of patients studied 
‘s still too small for the results to have reached the level of statistical 
significance. 

Finally, it must be emphasized that erythrocyte antigens of the ABO 
system are also potent transplantation antigens [132]. 
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CHAPTER 11 


TUMOUR IMMUNOLOGY* 


By M. O. SYMES 


I. Introduction 


II. Transplantation of tumours 
Acceptance and rejection by the host 


III. Production of immunity to neoplasms 
IV. Immunological enhancement 


V. Tumour-specific antigens 
A. Carcinogen-induced tumours 
B. Virus-induced tumours 
C. Tumours of unknown aetiology 


VI. Immunological aspects of carcinogenesis and the growth of established 
tumours 


VII. Immunotherapy for experimental neoplasms 


I. INTRODUCTION 


THE idea that immunology is a discipline relevant to the study of cancer 
received its initial impetus from the results of work involving the 
transplantation of tumours. It was found that tumours arising within 
genetically inbred strains of laboratory animals could be transplanted 
successfully, so that progressive tumour growth resulted, only to animals 
possessing certain dominant histocompatibility antigens in common with 
the tumour donor. 

It was subsequently found that the rejection of tumours by genetically 
incompatible hosts caused the latter to become actively immunized 


* This chapter is based, in part, on a review entitled “Some Experimental and Clinical 
Aspects of Neoplasia suggesting its Relationship to Reticular Tissue Function’, 
incorporated in a Dissertation submitted by the author for the degree of Doctor of 
Medicine in the University of Bristol in 1963. 


TUMOUR IMMUNOLOGY 353 


against the tumour in question. This immunity could be adoptively 
ong by immunologically competent cell suspensions to further 
osts. 

It was evident that the degree of autonomy possessed by malignant 
cells was limited. It therefore became imperative to determine how 
autonomous the tumours were in the animal in which they arose, for the 
exploitation of any controlling influence seemed to be the best hope for 
the successful treatment of cancer. 

Many types of experimental tumour in animals have been shown to 
possess ‘tumour-specific antigens’, that is, antigens present in the malig- 
nant cells but absent from the corresponding normal cells of the host. 
Such specific antigens afford the point d’appui for the host’s immunological 
resistance to its tumour. But why are these host defences insufficient to 
destroy the tumour in every case? The precise answer to this question is 
unknown but it is probably a combination of three factors. These are the 
weak nature of specific antigens, an immunological deficiency syndrome 
produced in the host by progressive tumour growth, and the increasing 
autonomy of malignant cells with repeated division. Some of these 
ideas will now be considered in greater detail. 


II. TRANSPLANTATION OF TUMOURS 
Acceptance and Rejection by the Host 


The transplantation of a tumour consists in its transfer through one or 
more hosts, the method dating from the latter part of the nineteenth 
century. The history of the subject has been reviewed [1]. 

If a tumour arises in a strain of genetically inbred animals, it might be 
postulated that within this strain its degree of autonomy towards any host 
would be the same as in its primary host. Progressive growth would 
therefore be the outcome of any transplantation within this strain. On the 
other hand, following transplantation to a host genetically different 
from that of its origin, the tumour should be rejected. 

The results obtained from the transplantation of tumours arising 
within a given inbred strain to animals of the same strain (isogenic) and 
to members of different inbred strains (allogeneic) have been reviewed [2]. 
A study was also made on the outcome of transplanting such tumours to 
F, and F, hybrid hosts, raised by crossing the strain of tumour origin 
with another inbred strain, and to F, back-cross mice, where the back- 
cross was both to native and foreign strains relative to the tumour. As a 
result of these investigations, it was shown that a tumour arising In a 
given inbred strain, A, will grow progressively and kill all other mice of 
that strain, all A, F, hybrid mice, and all A back-cross (10.0 55 hybrid to 
A) animals. A proportion of A, F; hybrid mice and F, xforeign strain 
back-cross mice were also susceptible. These results were explained 
according to the genetic theory of tumour transplantation by assuming 
that a transplant will grow in a given host, only if the host carries the 
same dominant histocompatibility genes as the animal in which the 
tumour originated. It may be predicted on the basis of this theory that, 
in a system using two inbred lines A and B and a tumour which originated 
in line A, the ratio of the animals susceptible to the total number of 
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animals will be (?)" for the F, generation, and (4)" for the F, (Ax B)xB 
back-cross generation, n being the number of dominant genes which must 
be present to produce susceptibility [3]. 

This postulate was tested [4,5] using thirty-six different tumours: 
several mammary carcinomata, two leukaemias, and a melanoma. The 
recipient mice were bred from appropriate crosses between eight inbred 
strains. 

Further studies along these lines were made using carcinogen-induced 
sarcomas [6], with a sarcoma and a leukaemia [7], and using three and 
eight mammary carcinomata respectively [8, 9]. 

Within the limits of chance, all these studies have demonstrated a good 
fit between the observed susceptibility of F, and resistant back-cross 
generations and that predicted above, where n is a whole number. This 
would be most unlikely to occur fortuitously and hence the genetic theory 
of tumour transplantation may be regarded as established. 

It may in turn be concluded that in many cases malignant neoplasms 
are not totally autonomous, at least up to a certain number of transplant 
generations. 


III. PRODUCTION OF IMMUNITY TO NEOPLASMS 


Investigation in the early part of the twentieth century demonstrated 
that regression of a tumour transplant in a given host renders that animal 
resistant to a second transplant of the same tumour. The early work 
in this field has been reviewed [10]. 

Using the A, Bagg Albino, C3H, and C57B1 strains of mice, interstrain 
transplants were made of sarcomas induced by 1256-dibenzanthracene 
in the last three [11]. It was found, by removing the primary transplant at 
varying intervals, that strain-specific immunity to a second transplant was 
present by the fifth day. That damaged tumour tissue could also induce a 
state of active immunity was suggested by the finding that Ehrlich ascites 
tumour cells, irradiated in vitro so as to destroy their reproductive capacity, 
none the less retained strong auto-antigenic activity in allogeneic tumour- 
host systems [12]. 

The fundamental question of what type of antibody is concerned in the 
mediation of immunity to tumours must now be considered. 

A direct association between the functions of the host’s immunologi- 
cally competent cells and the destruction of incompatible tumour grafts 
was suggested by experiments with diffusion chambers [13-15]. Using 
mice, various types of target cells—embryonic heart and lung, dissociated 
epidermal cells from newborn animals, and an adenocarcinoma—were 
placed separately in diffusion chambers composed of Millipore filters. 
The chambers were placed intraperitoneally in various hosts and were of 
two types: permeable to host leucocytes and macrophages, and imperme- 
able save to circulating antibodies. It was found that in cell-impermeable 
chambers the target cells survived in both isogenic and allogeneic hosts. 
However, when the host cells had access to the target cells, the latter 
were destroyed in allogeneic and xenogeneic hosts, the process being more 
rapid if the foreign host had previously been immunized against the target 
cells. Furthermore, if the target tissue was combined, within a cell- 
impermeable diffusion chamber, with allogeneic non-immunized or 
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immunized spleen cells, the whole being placed intraperitoneally in hosts 
isogenic with respect to the target tissue, the target was destroyed, again 
more rapidly, by the immune cells. 

The work of Algire and his colleagues suggested the predominant 
position of ‘cell-bound’, as opposed to circulating antibody and comple- 
ment, in the destruction of foreign tumour grafts [13-15]. However, it 
has been pointed out [16] that if tumours within diffusion chambers were 
susceptible to the cytotoxic effects of circulating antibody, due to the small 
concentration of the latter inside the chamber, this would not have been 
revealed by the above experiments. Of more direct relevance to the 
problem is the question of how and under what conditions it is possible 
to transfer passive immunity with antiserum to tumours. 

It was possible [17] to transfer immunity to the C57B1-strain leukaemia, 
EL 4, by means of serum from mice of strains A, BLAB/C, and C3H, which 
had previously rejected subcutaneous inoculations of EL 4. In each case 
serum transfer was between mice of the same inbred strain, which was 
allogeneic with respect to the leukaemia. Protection against EL 4 was 
observed following serum transfer between 7 days prior to, and 2 days 
after, tumour challenge. That the phenomenon amounted to true passive 
immunity was further emphasized by a normal response to EL 4 in hosts 
subsequently rechallenged at a later date, when the transferred antibody 
had decayed. 

Similar attempts to transfer passive immunity, by means of serum 
transfer, to tumours other than leukaemias were, however, uniformly 
unsuccessful. 

These findings on the transfer of passive immunity may be contrasted 
with the results of attempts to transfer adoptive immunity to neoplasms 
with immunologically competent cells. Mice of strains A and C57Bl 
were immunized against the C3H-strain lymphoma 6C3HED by trans- 
planting the tumour subcutaneously [18]. It was shown that a cell sus- 
pension from the draining lymph-nodes was able, on intraperitoneal 
injection, to transfer immunity against 63HED to further A and C57B1 
hosts. The adoptive immunity was assessed by the time after which 
tumour 6C3HED, having been in the A or C57B1 hosts, failed to grow on 
further transplantation to CBA hosts.* This time was 9-9 days in non- 
immunized mice and 2:1 days in those to which immunity had been 
transferred. After a single immunizing injection, A and C57B1 lymph- 
nodes could transfer immunity for up to 20 days and the protection thus 
conferred on A or C57B1 hosts also lasted about 20 days, a most unlikely 
finding if the effect was due to the transfer of circulating antibody. 

Subsequently it was demonstrated [19] that similar immunity to the 
A-strain sarcoma Sal could be transferred to C57BR/a hosts. The 
capacity of cells from the draining nodes of C57BR/a mice to transfer 
immunity appeared at 3-5 days, was still present at 10 days, but dis- 
appeared 15 days after a single subcutaneous immunization. A second 
inoculation of Sa 1 conferred the capacity to transmit immunity within 
2 days, but the response was weaker as judged by the time for which the 


host could transfer immunity and the degree of protection conferred. 


PR RET RE Poe ET TEE Ee re ee ey 
* Mice of strains C3H and CBA share the same major histocompatibility antigens. 
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This is in direct contrast to what might be expected if the immunity con- 
ferred was due to the transfer of circulating antibody. _ 

The power to form haemagglutinins could be adoptively transferred 
by immunologically competent cells from immunized hosts [20]. The 
antibody response in the cell recipients reached its peak titre after 
4-8 days, but was still present 30 days after cell transfer. As this 
was far too long for any passively transferred haemagglutinins to have 
persisted, the results suggested antibody production by the transferred 
cells. 

Mitchison has drawn attention to the fact that, whereas draining lymph- 
node cells show a relatively greater ability to confer protection against a 
tumour on transfer to a second animal, after 5 days’ rather than 10-15 
days’ stimulation in the primary host, the reverse obtains in respect to 
haemagglutinin production. He suggested this as evidence for the domi- 
nant role of ‘cell-bound’ antibody in the rejection of solid-tissue grafts. 
However, it has been objected that in testing for transferred immunity, 
as shown by protection against a tumour transplant, the transferred cells 
are restimulated by antigen. Therefore a fairer comparison between the 
time of optimal protection and the production of circulating antibody 
would be at the total time for which the transferred cells were stimulated 
in both the primary and secondary hosts [16]. Allowing for this, the time 
relations for the production of both effects are similar. 

However, further light on the importance of ‘cell-bound’ rather than 
circulating antibody, in the rejection of tumours other than leukaemias, is 
shed by the following experiments [21, 22]. Sera from C57B1/6Ks mice, 
immunized by a homogenate of A-strain spleen cells, abrogated the 
resistance of further C57B1/6Ks mice to the A-strain sarcoma Sa 1, such 
that 11 out of 30 of the challenged animals died. No deaths occurred in 
15 C57B1/6Ks mice following challenge with Sa 1, after transfer of serum 
from non-immunized C57B1/6Ks animals. 

In addition, it was shown [20] that regional lymph-node cells from 
CS57BR/a mice, pretreated with a lyophilized preparation of sarcoma Sa l, 
on adoptive transfer to further C57BR/a hosts, produced haemagglutinins 
but lowered resistance to subsequent challenge with Sa 1, to which these 
mice are normally resistant [see also 23]. 

These results suggested that circulating antibody, produced by allo- 
geneic hosts in response to solid (as opposed to lymphoma) tumour trans- 
plants, may actually mitigate against the production of immunity to the 
latter. This leads us naturally to a discussion of the phenomenon of 
‘immunological enhancement’. 


IV. IMMUNOLOGICAL ENHANCEMENT 


Immunological enhancement has been defined [24] as ‘the successful 
establishment or prolonged survival (conversely, the delayed rejection) of 
an allogeneic graft’. The phenomenon may be distinguished from other 
forms of prolonged graft survival by its dependence on contact between 
the graft and specific antigraft serum. 

There are a number of possible explanations for the enhancement of 
tumour allografts. 
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1. A qualitative and/or quantitative change in the antigenicity of the 
tumour cells. 

2. A stimulation of tumour-cell growth by contact with antiserum. 

3. A ‘walling off’ of the iso-antigens of the tumour graft, as a result 
of their contact with specific antibodies. In this way effective immuni- 
zation of the host against the tumour would be prevented (‘afferent 
inhibition’). 

4. Antiserum acts at a ‘central’ level on the immune system of the host 
to prevent the rejection of a tumour allograft. 

5. Antiserum acts by preventing the destruction of the foreign tumour 
cells by immune host cells (‘efferent inhibition’). 

Theoretically, possibility 2 could be excluded if it were shown that for 
enhancement to occur an antiserum must be administered which was 
specific for the antigens possessed by the tumour and absent from the 
host. This requirement has been demonstrated [25], using a number of 
different mouse tumours and hosts of several genotypes. A direct cor- 
relation was found between the proportion of foreign-tumour antigens 
with which the antiserum will react and the degree of enhancement 
produced. 

With regard to possibility 1 above, two lines of the A-strain sarcoma 
Sa 1 have been studied [26]. One of these, B, as a result of previous 
enhancement, had grown progressively through 123 passages in C57B1 
mice. In the first experiment C57B1 mice received a transplant from the 
unenhanced line, A, of Sal and 1 week later were challenged with a 
transplant from line B. The second transplant was rejected by the second- 
set response, showing that there was no change in the antigenic specificity 
(qualitative change) of tumour line B, due to previous enhancement. 

A second experiment was similar to the first except that the enhancing 
antiserum was injected at the time of the second tumour transplant (of 
line B). The outcome was an initial regression, followed by progressive 
tumour growth, of the first transplant (due to enhancement), whilst in 
some cases the second transplant was rejected and in others enhanced. 
This suggested a quantitative reduction in the antigenicity of tumour line 
B. This conclusion was supported by a third experiment, similar to the 
above, in which, when both tumour transplants were from line A, no 
enhancement of the second transplant was seen following antiserum 
injection given simultaneously with the latter. 

Using a variety of different tumours (lymphomata and a sarcoma), ina 
number of different genetic tumour—host combinations, it was shown that 
pretreatment of the host with antiserum directed against the foreign 
tumour antigens consistently resulted in tumour enhancement [27]. This 
was also found when the tumour cells were incubated in vitro with anti- 
serum prior to inoculation. Enhancement was not affected by washing 
the preincubated tumour cells in tissue culture medium, but if trypsin was 
added to remove the coating antibody then the degree of enhancement 
was diminished. These results clearly showed the part played by afferent 
‘nhibition of the immune response in the development of enhancement. 

Tumour cells coated with specific antiserum showed enhanced growth 
in recipients preirmmunized against the foreign-tumour antigens [28]. Thus 
efferent inhibition was established as an effector in enhancement. 
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V. TUMOUR-SPECIFIC ANTIGENS 


A tumour-specific antigen may be defined as an antigen present in 
malignant cells, but absent from the corresponding normal cells of the 
host. 

It will be evident that in attempting to demonstrate the presence of 
tumour-specific antigens, effects due to normal tissue antigens must be 
excluded. In order to ensure this it is necessary to study the properties of 
the tumour in the animal in which it arises (the autochthonous host) or on 
transplantation to an isogenic host. A further problem is that inbred 
strains of animals over the course of many generations, and transplantable 
tumours on repeated passage, undergo spontaneous mutations affecting 
their antigenic properties. Therefore any demonstration of tumour- 
specific immunity based on the use of much passaged tumours should be 
viewed with the utmost scepticism. 

Within these limitations there are a number of methods which, theoreti- 
cally, might reveal the presence of tumour-specific antigens. Tumour- 
specific immunity would be indicated if a spontaneous tumour, or a 
graft thereof to an isogenic host, was caused to regress or regressed spon- 
taneously, and subsequent to this the host was found to be refractory to 
further challenge with the tumour. As a modification of this approach, 
adoptive or passive immunity might be transferred from a host with a 
regressed tumour to a second isogenic host. 

It will be convenient in discussing tumour-specific antigenicity to 
divide experimental tumours into two main groups, those of known and 
those of unknown aetiology. The former group may be further sub- 
divided into carcinogen- and virus-induced tumours. 


A. Carcinogen-induced Tumours 


The first convincing demonstration of tumour-specific antigenicity was 
afforded by Foley [29, 30]. He induced fibrosarcomata in 6 C3H-strain 
mice by treatment with methylcholanthrene. Transplants of each tumour 
were then destroyed by means of a ligature tied around the base, and the 
host was subsequently rechallenged with a transplant of the same tumour. 
It was found that the animals so treated were resistant to the growth of 
the second tumour challenge. 

A further demonstration [31] of the specific antigenicity of methy]- 
cholanthrene-induced fibrosarcomata was afforded by transplantation 
of a spontaneous tumour to each of a group of isogenic hosts. The tumour 
was subsequently excised from all but 1 of the animals, and the remain- 
ing fibrosarcoma used to rechallenge the other hosts in the group. These 
mice were found to be immune, as indicated by the failure of the tumours 
to grow in some instances and by retarded growth in others. 

The technique of excision and rechallenge was also used to demon- 
strate the specific antigenicity of dibenzanthracene-induced fibrosarcomata 
in further experiments [32], in which it was shown that animals resistant 
S rechallenge with fibrosarcomata accepted skin-grafts from the tumour 

onor. 

The technique of host pretreatment with lethally irradiated tumour 
cells has been employed to demonstrate an antigenic difference between 
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methylcholanthrene-induced sarcomata of recent origin and their isogenic 
hosts [33]. 

The demonstration of the specific antigenicity possessed by methyl- 
cholanthrene-induced sarcomata was further extended by showing this 
to be true of the tumour in its autochthonous host [34]. The tumour 
was excised from 16 mice in which it had arisen. These animals were 
subsequently treated with sarcoma cells, killed by irradiation in vitro, 
prior to rechallenge with increasing doses of viable tumour cells. Twelve 
of the 16 mice showed increased resistance to the tumour, compared 
with untreated isogenic controls. 

It was shown [35] that immunity against carcinogen-induced sarcomata 
could be adoptively transferred to prospective isogenic hosts with im- 
munologically competent cells from the primary host, in which the 
tumour had been caused to regress by intradermal ligation with a thread. 
The secondary hosts resisted tumour growth such that progressively 
growing tumours were not obtained. 

In further experiments [36] mice were immunized by inoculation of 
initially small but progressively increasing quantities of methylcholan- 
threne-induced tumour tissue. The lymph-node and spleen cells from such 
animals could transfer adoptive immunity against the tumour, on intra- 
venous injection into further isogenic hosts. However, such immunity 
was only seen if the transferred cells were allowed 7 days’ residence in 
their new hosts before the latter were challenged with the tumour. 

A matter of major importance is whether there is a common tumour- 
specific antigen for tumours induced in similar hosts by the same 
carcinogen. It was shown [36] that female BALB/C-strain mice, hyper- 
immunized to one methylcholanthrene-induced tumour, were completely 
susceptible to five other tumours induced by this carcinogen in further 
BALB/C female mice. A similar finding has been reported for methyl- 
cholanthrene-induced breast adenoacanthomas. 


B. Virus-induced Tumours 


In considering the specific antigens of virus-induced tumours, the 
distinction between virus antigens acting in this guise and specific antigens 
of the neoplastic cells unrelated to those of the virus must be constantly 
borne in mind. 

It is useful to subdivide virus-induced tumours into two groups, those 
arising as a result of vertical transmission of the virus from parent to 
offspring, and other tumours (Table XXV). 

The significance of the distinction resides in the suggestion that in 
Group A, as virus infection occurs during the tolerance-inducing period of 
embryonic or neonatal life, any specific antigenicity demonstrable in 
isogenic tumour host systems must depend on tumour antigens unrelated 
to those of the virus. raph ee, 

It has been suggested [37] that tolerance to the virus antigen 1s maintained 
by residence of the virus within the lymphocytes. Recently [38-40] in 
vitro methods have been described for the demonstration of Gross, G, 
antigen, or antibody thereto, in the blood and tissues of mice. A positive 
correlation has been found between the presence of G antigen, indicating 
tolerance thereto, and liability to develop lymphomata. Conversely G 
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antibody was demonstrated in those mice with a low incidence of 


tumours. pias 
The Gross and Moloney virus-induced leukaemias will be taken as 


typical of group A. 


Table XXV.—A CLASSIFICATION OF VIRUS-INDUCED MOUSE TUMOURS 
ACCORDING TO WHETHER OR NOT THEY ARISE AS A RESULT OF VERTICAL 
TRANSMISSION OF THE VIRUS FROM PARENT TO OFFSPRING 


Group A Group B 
Vertical transmission 
Bittner virus-induced mouse Tumours induced by: 
mammary carcinomata 
Mouse leukaemia due to the Polyoma virus 
following viruses: SV 40 virus 
Gross Adenovirus 3, 7, 12, 18, 
Graffi and 21 _ ; 
Moloney Shope papilloma virus 
Friend 
Rauscher 


It is impossible either to induce resistance in AKR mice to challenge 
with living isogenic Gross lymphoma cells or to demonstrate cytotoxic 
antibodies in the sera of AKR mice, following immunization of these 
animals with killed AKR tumour cells [41]. However, antisera to the 
lymphoma cells, raised by immunization of allogeneic hosts, and sub- 
sequently absorbed against normal spleen and muscle cells, caused pro- 
longed survival of AKR leukaemic mice, after passive transfer in vivo, 
and displayed cytotoxic effects on AKR leukaemic cells in vitro. 

Similar demonstrations of tumour-specific antigens possessed by Gross 
virus-induced lymphomata have been afforded [42, 43], using allogeneic 
tumour-host systems. 

It was found possible [44] to immunize strain C3H mice against Gross 
lymphomata induced in this strain, following pretreatment of the pro- 
spective recipient mice with either allografts of other Gross lymphomata 
or sub-threshold doses of cells from the same isogenic lymphoma. This 
work suggested that the specific antigenicity of Gross lymphomata could 
be expressed within the mouse strain of origin, but the question of whether 
this was true following vertical transmission of the virus remained. 

Recently, however, it has been shown [45] that in the case of lym- 
phomata induced by the Moloney virus there is no correlation between the 
amount of tumour-specific antigen carried on different lymphoma lines 
(as detected by sensitivity of the tumours to rejection by immunized iso- 
genic hosts, or in vitro by susceptibility to the cytotoxic action of antibody 
plus complement) and the amount of infective virus released from the 
several tumour lines. This constitutes indirect evidence that the tumour- 
specific and virus antigens are distinct from one another, as does a report 
[46] that the degree of specific antigenicity differed among five Gross 
virus-induced AKR lymphomata. The degree of specific antigenicity was 
assessed by the time taken for the tumour to kill isogenic hosts bearing 
the first transplant generation from the Spontaneous tumour, the positive 
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correlation between the length of this interval and the spleen and lymph- 
node weight in the autochthonous host, and the occurrence of spon- 
taneous tumour regressions in some of the animals carrying transplants 
a the most antigenic tumour, according to the two parameters defined 
above. 

The polyoma virus-induced tumours will be taken as illustrative of 
group B (Table X XV). 

It was shown [47] that following challenge with allogeneic transplants 
of non-virus-releasing polyoma-induced tumours, mice became refrac- 
tory to challenge with isogenic polyoma tumour transplants. The result 
indicated a common tumour-specific antigen for neoplasms induced by 
the virus in several mouse strains. It was further suggested that, as non- 
virus-releasing tumours were used, the specific antigen was distinct from 
the virus antigen. However, infection of adult animals with the polyoma 
virus induced immunity to subsequent challenge with isogenic polyoma 
tumour transplants [48,49]. This finding has been explained by the 
assumption that the virus infection leads to production of specific tumour 
antigen by some of the infected cells, and it is this antigen which im- 
munizes the host. This conclusion is supported by the finding that the 
serum of mice pretreated with non-virus-releasing polyoma tumour cells, 
which was shown to contain no anti-viral antibodies, none the less impaired 
the plating efficiency of polyoma cells when the latter were incubated in 
vitro with the serum in the presence of complement [50]. The polyoma 
virus will also induce tumours in rats and hamsters. However, whilst there 
is a common tumour-specific antigen within a given species this uniformity 
does not extend across species barriers. 


C. Tumours of Unknown Aetiology 


In general, tumours of unknown aetiology have been found to show a 
much less marked specific antigenicity. The increase in the spleen and 
lymph-node weights of A-strain mice, in which mammary carcinomata 
arose spontaneously, or which had received isogenic transplants from 
such tumours of recent origin, was adduced as evidence for the specific 
antigenicity of these tumours [51]. The Bittner virus was probably not 
implicated in the aetiology of these tumours, as the incidence was only 
10 per cent and did not rise over an observation period of 3 years. Sub- 
sequently specific antigenicity was found for 1 of 5 spontaneous mammary 
carcinomata, as judged by the ability of spleen cells from the autochtho- 
nous host to transfer adoptive immunity against the tumour in question 
to further isogenic hosts [52]. Also, in mice given an intravenous injection 
of a killed preparation of Corynebacterium parvum, a procedure which 
causes intense stimulation of the lymphoreticular tissue, the appearance 
of a palpable tumour was delayed following inoculation of viable cells 
from a mammary carcinoma which arose spontaneously in an isogenic 
host [53]. This effect was observed whether the C. parvum was administered 
2 days before or 8-12 days after tumour transplantation and is good 
evidence for the specific antigenicity of the tumour. 

The lesser degree of specific antigenicity shown by spontaneous tumours, 
as opposed to those arising from the action of carcinogens, was emphasized 
by attempts [54] to induce immunity to transplants of several different 
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tumours by pretreatment of isogenic hosts with tumour cells irradiated 
in vitro. 


VI. IMMUNOLOGICAL ASPECTS OF CARCINOGENESIS AND THE GROWTH OF 
ESTABLISHED TUMOURS 


In the preceding section the evidence for the possession of specific anti- 
gens by tumours was reviewed. The important practical questions raised 
by the existence of such antigens are: How is it possible for an antigenic 
tumour to arise in spite of the host’s immunological surveillance, and, 
further, if such a tumour does occur by what means is it able to grow 
until it kills the host? 

Woodruff (personal communication) has suggested that many tumours 
may arise and be destroyed by the host before they are ever recognized 
clinically. Alas, however, this is by no means invariably true. 

In the case of tumours caused by chemical carcinogens there is good 
evidence that a state of host immunosuppression exists during the latent 
period of tumour induction. Stjernsward [55] found that following a 
single exposure of mice to 3-methylcholanthrene, there was a prolonged 
depression of immunological responsiveness as judged by the host’s 
reaction against weakly antigenic allografts. Subsequently [56] a similar 
action was demonstrated for two other carcinogens, a property not shared 
by non-carcinogenic hydrocarbons. The assay system in these experi- 
ments [56] was the ability of host cells presensitized to sheep red blood- 
cells to form lytic plaques when transferred to agar plates in which were 
incorporated sheep erythrocytes. Also using this assay, it was shown [57] 
that the carcinogen-induced immunosuppression was real, rather than 
being due to a mere delay in the immune response, and furthermore that 
an early stage in the response of mouse cells to the sheep erythrocytes 
was specifically sensitive. This stage was suggested as the processing of 
antigen by macrophages, with the result that virgin antigen came into 
direct contact with host lymphocytes and thereby induced partial tolerance. 
By analogy, the methylcholanthrene-treated host would also show 
tolerance to the specific antigens of its induced tumour. This was, in 
fact, demonstrated [58]. Sarcomata were induced in the hind-limbs of 
mice by injection of methylcholanthrene. The tumour was subsequently 
excised by amputation of the limb, and the autochthonous host was re- 
challenged with graded doses of its own tumour cells. It was found that a 
tumour grew better in its own host than in sham-amputated, non-tumour- 
bearing isogenic controls. Also a given tumour-bearing host, following 
tumour excision, supported the growth of its own tumour on rechallenge 
better than that of a different methylcholanthrene-induced sarcoma 
arising in a second isogenic host. 

The phenomenon of host immunosuppression during the latent period 
of carcinogenesis is not limited to tumours induced by chemical carcino- 
gens. It was shown [59] that the Gross virus depressed the immune 
response in mice to T2 phage or sheep erythrocytes, and similar findings 
have been reported by others. 

In isogenic hosts a low-dose tumour transplant of a chemically induced 
tumour took better than a slightly higher dose of tumour cells [60]. It 
was suggested that the higher dose of cells evoked an effective immune 
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response to the tumour-specific antigens carried and this led to rejection 
of the tumour transplant, whereas the host response was suboptimal to 
lower doses of tumour cells. These findings seem relevant to the induction 
of antigenic tumours. The small number of tumour cells initially present, 
coupled with the carcinogen-induced immunosuppression in the host, 
may allow the tumour to survive and become established [see also 61]. 

_ It has been shown [60, 62] that the shorter the latent period of tumour 
induction, the more antigenic are the tumour cells that arise. 

There are three possible mechanisms whereby an established tumour 
oe progress until it kills its host, in spite of any immune response by the 
Buc .— 

1. The tumour may induce ‘self-enhancement’. 

2. The tumour may induce a state of non-reactivity in the host, which 
can be either specific for the tumour antigens or a general reduction in 
immunological responsiveness. 

3. The tumour may delete its specific antigens on progressive growth, 
thus removing the point d’appui of the host’s immune response. 

The work [58] cited above affords strong evidence for a tumour antigen- 
specific component in the host immunosuppression associated with a pro- 
gressively growing tumour. This concept is supported by the finding [63] 
that in an isogenic tumour-host system there was a positive correlation 
between the dose of methylcholanthrene-induced tumour cells administered 
and decrease in resistance to the tumour. Also, when a benzpyrene- 
induced rat sarcoma was partially removed, the animal was more sus- 
ceptible to a second transplant of its own tumour cells than a non-tumour 
bearing control [64]. 

A number of studies have demonstrated a depression of the host’s 
immune response to third-party antigens, associated with progressive 
tumour growth. For example, a prolonged survival of skin-allografts 
was found in mice with spontaneous mammary carcinomata [65]. 

The complementary mechanism of tumour-specific antigen deletion as 
a means of progressive tumour growth has been proposed [66]. When 
spontaneously occurring mouse mammary carcinomata were trans- 
planted serially in isogenic hosts, the tumour progressively lost its capacity 
to evoke an immunological response as judged by host spleen and lymph- 
node weight. It was suggested that during serial passage the tumour- 
specific antigens had been deleted, so that an immunological response of 
the host thereto was no longer evoked. Subsequently it was shown [67] 
that this phenomenon was associated with a decrease in the time taken by 
the tumour to kill its host in successive transplant generations. Further- 
more, in animals dying from tumour growth there was gross atrophy of 
the lymphoid tissues. This is additional evidence for the theory of host 
immunosuppression, discussed above. 

Two mechanisms seem possible to account for antigen deletion. They 
are illustrated in Fig. 62. 

Evidence in favour of hypothesis B (Fig. 62) has been provided by the 
following experiment [68]. Two spontaneous A-strain mouse mammary 
carcinomata were each maintained in two groups of isogenic hosts by 
serial transplantation. The first group of mice was untreated; the second 
received 15 mg. per kg. body-weight of L-phenylalanine mustard, as an 
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immunosuppressant, 1 day before tumour transplantation. At each 
passage a portion of tumour from each group of hosts was transplanted 
to further normal mice, the tumour growth-rates and ability to produce 
evidence of immunological stimulation being compared after 14 days. 


ra SG560 


Fig. 62.—Possible mechanisms for the deletion of tumour-specific antigens. 
A, The antigens may be progressively diluted out by division of the tumour cells. 
B, The tumour may initially consist of a mosaic of cells with varying degrees of 
specific antigenicity. The most antigenic cells are eliminated by the immune response 
of the host, leaving the others free to proliferate. 
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Successive passages of the tumour, obtained from the immuno- 
suppressed hosts, grew more slowly on transplantation into normal hosts, 
and this finding was correlated with a more persistent immunological 
response by the latter. Thus it would seem that a tumour protected from 
the immunological attack of the host may retain its specific antigens 
longer. 

The findings cited on p. 359 [34] tell against the idea of ‘ self-enhancement’ 
as a means of tumour progression, otherwise it would be difficult to 
account for the increased resistance to an autochthonous tumour, conferred 
by treatment of the host with irradiated tumour cells. 

The second mechanism of specific antigen deletion postulated above 
[see 68] would account for the greater malignancy of tumours in young 
patients compared with old, for immunological competence declines with 
age. 


VII. IMMUNOTHERAPY FOR EXPERIMENTAL NEOPLASMS 


In general, attempts to treat neoplasms by immunological means may 
be divided into two groups: those which aim at increasing the host’s 
resistance to the tumour, and those wherein an extrinsic immunological 
attack is mounted against the tumour. 

Theoretically increasing the host’s immunological response might be 
most effective for relatively early neoplasms with specific antigens, whilst 
anal attack is especially applicable in the treatment of more advanced 

umours. 

It was found [69] that stimulation of the reticulo-endothelial system 
(R.E.S.) by administration of BCG vaccine caused regression of some 
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allogeneic tumours, and retarded the growth-rate of certain isogenic 
tumours in inbred mice. Similar observations were subsequently reported 
[53] using C. parvum as a R.E.S. stimulant (see p. 361). As a variant of 
this approach it was shown that the radiosensitivity of 3,4-benzpyrene- 
induced sarcomata in rats could be increased by implantation of an 
irradiated biopsy of the tumour to be treated, 2-4 hours before 
administration of local irradiation to the main tumour [70]. Only a 
proportion of the tumours so treated were, however, favourably affected, 
and the efficacy of the method was not increased by treatment of 
the tumour-bearing rats with BCG 1 week beforehand. It is possible 
that host immunosuppression associated with the presence of a tumour 
(see preceding section) may mitigate the effectiveness of this type of 
therapy. 

It will be clear that all the above methods depend on the presence of 
tumour-specific antigens against which an immunological reaction of the 
autochthonous or isogenic host can be stimulated. Such a situation is 
unlikely to exist in animals with more advanced tumours, for the twin 
reasons of tumour antigen deletion and host immunosuppression. There- 
fore the suggestion was made [71] that it might be possible to transfer 
adoptive immunity, directed against established tumours, using transplants 
of allogeneic immunologically competent cells. For this purpose spleen 
and lymph-node cells from either normal hosts or animals which had been 
immunized against the tumours to be treated were used. It was found that 
the growth of subcutaneous mouse mammary carcinoma transplants in 
isogenic hosts could be retarded by the administration of sublethal whole- 
body irradiation followed by intravenous injection of immunologically 
competent cells. The whole-body irradiation, which was given to suppress, 
for a time, the host’s reaction against the allogenic cells, exerted no re- 
straining influence on the tumour when given in isolation. 

A major limitation to this form of therapy is the concomitant induc- 
tion of graft-versus-host disease in the tumour-bearing animals treated. 
Various methods have been explored to overcome this difficulty. 

Woodruff, Symes, and Boak (unpublished) repeated the experiments 
cited above [71] with the difference that allogeneic immunologically 
competent cells, from donors preimmunized against the tumour, were 
injected intraperitoneally in the treatment of intraperitoneal tumour 
transplants. The result of this immediate intimate contact between the 
donor cells and the tumour was a significant prolongation of host survival 
with minimal graft-versus-host disease. 

Further experiments [72] investigated the effect of treating subcutaneous 
mouse mammary carcinoma transplants in isogenic hosts by subcutaneous 
injection of L-phenylalanine mustard (given as an immunosuppressant 
in place of whole-body irradiation), and intravenous injection of allogeneic 
immunologically competent cells from donors previously immunized 
against the tumour. It was found that splenectomy immediately before 
the start of treatment focused the action of the donor cells on the tumour, 
and that under these conditions the larger the tumour treated the greater 
the therapeutic effect in terms of host survival. 

That an immunological reaction by the lymphoid cells was responsible 
for the anti-tumour effect is shown by the following evidence:— 
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1. The effect of immunologically competent cells from donors pre- 
viously immunized against the tumour was greater than that of non- 
immunized cells. ; 

2. In experiments where tumour transplants of a parent line strain, 
growing in F, hybrid hosts, were treated by injection of immunized spleen 
cells from donors of the opposite parent line, thus eliminating the necessity 
for giving whole-body irradiation, a significant anti-tumour effect was 
obtained [73]. ] 

Evidence that the small lymphocyte was the cell responsible for the 
anti-tumour effect was afforded in further experiments [74, 75]. An 
attempt was made to treat intraperitoneal transplants of the Landschutz 
ascites tumour (of mouse origin) by intraperitoneal] injection of equivalent 
numbers of either spleen cells or thoracic duct lymphocytes from rats 
preimmunized against the tumour. The therapeutic superiority of the duct 
lymphocytes was clearly shown; indeed, some of the animals treated 
thereby remained free from tumour. Undue optimism should not, how- 
ever, arise from this result, as the Landschutz tumour, although growing 
progressively in 100 per cent of the mice used, is, in fact, an allograft 
therein. It follows that there is a greater antigenic difference between 
tumour and host than occurs in isogenic tumour-host systems, and there- 
fore a greater potential for specific immunization of the rat lymphoid 
cells against the tumour. 

Recently a powerful anti-tumour effect has been obtained by treating 
primary carcinogen-induced rat sarcomata with RNA obtained from the 
cells in the efferent lymph from sheep lymph-nodes preimmunized by 
transplantation of a biopsy from the sarcoma [76]. Confirmation of this 
result will be awaited with interest. A similar claim has been made in the 
field of delayed hypersensitivity. 

At a clinical level 9 patients were treated by administration of a small 
dose of a radiomimetic drug and subsequent intravenous infusion of non- 
immunized allogeneic spleen cells [77]. Some regression of the tumours 
occurred with this form of treatment. A similar finding was reported in 
a further study [78]. However, the results were not felt sufficiently en- 
couraging to continue the trial of this therapy. Mesenteric lymph-node 
cells from a pig, preimmunized against the tumour to be treated, were 
therefore substituted for allogeneic spleen cells [78]. In 3 patients treated 
thus, massive tumour necrosis occurred, and the method may hold 
promise for the future. 
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CHAPTER 12 


AUTO-IMMUNITY 
By W. J. HARRISON 
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Causes of auto-immunization 


A. Auto-immunization following antigenic stimulation 


1. Tolerance to body constituents 
a. Antigen dosage 
b. Seclusion of antigen 
c. Persistence of antigen 
d. Physical state of antigen 
e. Chemical structure of antigen 
f. Age 
2. The nature of the antigenic stimulus 
a. The release of secluded antigens 
b. Cross-reacting antigens 
i. Altered body components 
ii. Antigens of micro-organisms 


B. Auto-immunization due to abnormality of the immunological apparatus 


Experimental auto-immune disease 
A. Production of auto-immune disease 


B. Prevention of experimental auto-immune disease 
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2. Protective antibody 
3. Antigenic competition 


C. The spontaneous auto-immune disease of New Zealand Black mice 


D. Mechanisms of tissue damage 


1. Cellular immunity in encephalomyelitis and thyroiditis 

2. Synergism between humoral and cellular immunity in orchitis 
3. Antibodies 

4. Immune complexes 


Auto-immunity and disease in man 


A, The auto-immune haemolytic anaemias 
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D. Glomerulonephritis 
E. Ulcerative colitis 


F. Myasthenia gravis and the role of the thymus in auto-immune disease 


V. Conclusions 


I. INTRODUCTION 


DwRING its early years immunology was devoted largely to studying the 
response to bacterial infection and it therefore appeared that the immune 
response had evolved because of its protective value against bacteria and 
their toxins. It was Ehrlich who, at the turn of the century, introduced the 
concept of auto-immunity. He showed that goats would produce anti- 
bodies against the red cells of other goats, but not against their own, and 
regarded this as illustrating a fundamental law of nature embodied in the 
term ‘horror autotoxicus’ [1]. He did not, however, regard this law as 
inviolable and clearly realized the possibility that some diseases might be 
due to breakdown of the mechanisms which, in health, prevent auto- 
immune reactions: ‘In the explanation of many disease phenomena it will 
in the future be necessary to consider the possible failure of the internal 
regulations.’ 

The possibility that auto-immunity might be a pathogenetic mechanism 
in disease has stimulated much of the interest in the subject. During the 
decade which followed Ehrlich’s observations autohaemolysins and 
autohaemagglutinins were described in haemolytic anaemia, but the 
subject was then largely forgotten until 1938 when auto-immune 
haemolytic anaemia was rediscovered [2]. Globulin was demonstrated on 
the red-cell surface in this condition by the Coombs test in 1946 [3] and 
during the ensuing 10 years major advances were made in other fields: 
Freund’s complete adjuvant was used to facilitate the production of 
various experimental auto-immune diseases, and antibodies against 
gamma-globulin were described in rheumatoid arthritis, against cell 
nuclei in systemic lupus erythematosus, and against thyroglobulin in 
Hashimoto’s thyroiditis. 

The main purpose of this chapter is twofold. First, to consider how these 
and other auto-immune phenomena arise and, secondly, to consider their 
significance in the pathogenesis of disease. 


Il. CAUSES OF AUTO-IMMUNIZATION 


Theoretically there are two main ways in which auto-immunization 
might arise. It might be due to antigenic stimuli able to overcome 
tolerance to body components. Alternatively, there might be an abnor- 
mality of the immunological apparatus resulting in loss of tolerance. 


A. Auto-immunization following Antigenic Stimulation 


1. TOLERANCE TO BODY CONSTITUENTS 


Whether or not an antigenic stimulus elicits auto-immunization will 
depend on the degree of tolerance which already exists towards the 
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corresponding determinant groups no less than on the nature of the 
stimulus itself. Since much of our knowledge of tolerance and its termina- 
tion is derived from the study of acquired tolerance to foreign antigens, 
it is pertinent to ask whether this serves as a valid model of natural 
tolerance to autologous antigens. Boyden and Sorkin [4] found that, in 
rabbits made tolerant to human serum albumin (HSA) at birth, the 
subsequent injection of sulphanilazo-HSA did not lead to the production 
of antibodies against the hapten (or the protein), whereas following the 
injection of the sulphanil conjugate of rabbit serum albumin (RSA) the 
expected antibodies to sulphanilic acid were produced. This suggested 
that, contrary to what had been generally assumed, there was a basic 
difference between natural tolerance to RSA and acquired tolerance to 
HSA. However, this far-reaching conclusion was not substantiated by 
later work in which rabbits were made tolerant to HSA in adult life by 
repeated injections after whole-body irradiation. Both the foreign and 
the homologous proteins acted as effective carriers of the hapten in inducing 
anti-hapten antibodies [5]. 

The principal factors affecting the induction and maintenance of 
tolerance have been discussed in Chapter 4 and will now be considered 
in relation to autologous antigens. 


a. Antigen Dosage 


It has been clearly established that for foreign antigens the dosage is 
crucial in determining whether there is immunization or tolerance. It is 
interesting to speculate as to whether tolerance to plasma albumin, which 
is present in high concentration, represents Mitchison’s ‘high-dose 
paralysis’ and whether tolerance to insulin or thyroglobulin, which are 
present in much lower concentrations, represents ‘low-dose paralysis’. 
However, in attempting such comparisons, there are considerable problems, 
such as the fluctuating levels of the foreign proteins due to intermittent 
injection in these model experiments and the fact that the endogenous 
substances are present at much higher concentrations near their sites of 
synthesis than in the circulation [6]. 


b. Seclusion of Antigen 


As with the soluble, circulating antigens considered above, so with 
cellular components; tolerance is presumably determined partly by the 
amount reaching the lymphoid tissues. In the latter case, however, actual 
measurements are not feasible. Some of these antigens, such as surface 
components of circulating cells, would be expected to have ready access to 
the lymphoid tissues and to establish full tolerance. At the other end of 
the scale antigens with no such access (‘secluded’ or ‘hidden’ antigens) 
would fail to establish tolerance. Possible examples are found in the eye 
and ina few other sites. In between these two extremes there are many 
body constituents to which there is some degree of tolerance. Intracellular 
antigens are secluded to some extent, but they presumably reach the 
immunological apparatus after cell death provided they are not degraded 
too rapidly by lysosomal or other enzymes. 
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c. Persistence of Antigen 


This is really an aspect of dosage and is necessary for the maintenance 
of acquired tolerance. Loss of tolerance to the pituitary has been reported 
in frogs hypophysectomized in foetal life [7]. It would be interesting to 
study the response to thyroid antigens following total thyroidectomy. 


d. Physical State of Antigen 


Soluble extrinsic antigens will readily induce tolerance, especially when 
freed of aggregated molecules by centrifugation, but it is very difficult to 
induce tolerance to particulate antigens. This, rather than seclusion 
within cells, may explain why tolerance does not seem to develop to some 
particulate tissue antigens. Thus antibodies directed mainly against 
mitochondria occur naturally in rats and tolerance to mitochondria with 
respect to IgM antibody has not been induced despite intensive courses of 
injections in newborn animals [8]. 


e. Chemical Structure of Antigen 


The influence of chemical structure, molecular rigidity, and related 
factors in determining antigenicity and tolerance induction have been 
discussed in Chapter 2. 


f. Age 

The relationship between antigen dosage, on the one hand, and immuni- 
zation and tolerance, on the other, is very different in foetal life from that 
in the adult. In general, tolerance is most easily induced in the foetus and 
it is at this stage that most auto-antigens first make contact with the 
immunological apparatus. 


2. THe NATURE OF THE ANTIGENIC STIMULUS 


The stimulus necessary to cause auto-immunization will depend on the 
degree of tolerance (if any) to be overcome. If, because of complete 
seclusion, tolerance is totally lacking, the release of an adequate quantity 
of native (unaltered) antigen will be sufficient. Where partial tolerance 
exists this might be lost if an alteration in the rate of release of antigen 
produced a change from a tolerance-inducing to an immunizing level. 
Experimentally, however, immunization with the native antigen 1s often 
ineffective, but success may then be achieved with a cross-reacting antigen. 
Breakdown of tolerance may also be facilitated by the use of adjuvants, but 
whether the adjuvant effect of bacterial products plays any part in the 
production of spontaneous auto-immune disease is unknown. 


a. The Release of Secluded Antigens 

The eye has been mentioned as a possible site of secluded antigens. 
Penetrating injuries to one eye are sometimes followed several weeks later 
by uveitis in the other eye. It has been postulated that this is due to an 
immunological reaction stimulated by uveal antigen liberated by the injury 
since delayed hypersensitivity to uveal tissue has been demonstrated [9]. 
Another form of sterile inflammation in the eye, believed to be due to an 
immunological reaction to escaped lens protein, occasionally follows 


374 BASIC IMMUNOLOGY 


surgery for cataract. The auto-antigenicity of the lens has been demon- 
strated experimentally and supports the concept that it is a secluded 
structure. However, leakage of lens antigens must occur frequently since 
antibodies to lens have been found in 50 per cent of human sera [10]. 

The first example of auto-immunization was described in 1900 by 
Metalnikoff, who showed that guinea-pigs immunized with their own 
sperm produced sperm-immobilizing antibodies [11]. In man antibodies 
to spermatozoa may occur as a result of damage to the genital tract with 
the release of sperm into the tissues [12]. These observations suggest that 
spermatozoa may not induce tolerance because they are secluded behind 
the basement membrane of the genital tract, but, as in the case of the lens, 
seclusion is apparently not complete because antibodies occur normally in 
various animal species. A more important factor than seclusion may be 
the late development of antigen. Spermatozoa contain an antigen which 
is not found in immature germinal cells and is therefore absent in foetal 
and neonatal life when tolerance to most body constituents is being 
acquired [13]. 

When Roitt and his colleagues [14] first detected antibodies to thyro- 
globulin in Hashimoto’s thyroiditis they were believed to result from their 
release from seclusion within the thyroid follicles. However, it has since 
been found that thyroglobulin is normally present in lymph draining from 
the gland and, in small amounts, in the blood of many healthy human 
adults without eliciting antibodies [15]. There is further evidence that 
tolerance is at least partially developed and that antibody formation does 
not result simply from the release of native thyroglobulin from the thyroid: 
first, unless Freund’s complete adjuvant is added, animals usually cannot 
be immunized with homologous* thyroglobulin prepared in such a way as 
to avoid denaturation [16]; secondly, there is no antibody response to 
experimental thyroid injury; and, lastly, thyroid damage in man by 
irradiation [17] or surgery or in the course of viral thyroiditis does not 
provoke thyroglobulin antibodies in patients with previously negative 
tests. 

It is probable that very few antigens are completely secluded in the 
sense in which the word is used in the preceding paragraphs, but there is 
evidence that some antigenic determinants are concealed within macro- 
molecules or by some adjacent molecular arrangement and do not 
establish tolerance. Examples of such seclusion at the molecular level 
will be found in a later section. 


b. Cross-reacting Antigens 


Acquired tolerance to bovine serum albumin (BSA) in rabbits may be 
overcome by the injection of cross-reacting albumins from other 
species [18]. A certain degree of cross-reactivity with BSA is necessary but 
beyond this point the more marked the cross-reactivity the less effective 
is a given albumin in terminating tolerance. Tolerance to a foreign protein 


* The terminology used in this chapter is that generall i i 
ny u y used in the literature on 
auto-immunity. It is given below, followed by the equivalent terms used in Chapter 10 


on transplantation (p. 320): isologous (isogenic); homol ic); S 
pple g (isog ye ogous (allogeneic); heterologous 


AUTO-IMMUNITY 375 


may also be terminated by the same protein coupled to a synthetic hapten 
provided it is still cross-reactive with the native protein [6]. Under these 
conditions most of the antibody formed initially is directed exclusively 
against the ‘new’ determinant. Breakdown of tolerance may depend on 
antibody subsequently becoming adapted to a wider area which includes 
adjacent determinants common to the native and conjugated proteins 
(see Fig. 63). Conjugation can, however, alter the structure of the carrier 
protein other than merely by the addition of a haptenic group. Thus 
rabbits immunized with sulphanilazo rabbit serum albumin (RSA) 





ANTIBODY ——> ANTIBODY’ 


Se ay 
adits adits. 


MODIFIED MODIFIED 
ANTIGEN ANTIGEN 


| LATE 
ANTIBODY 


olin 


NATIVE 
ANTIGEN 


Fig. 63.—A scheme proposed by Cinader [6] to account for breakdown of 
tolerance to a native antigen following immunization with that protein modified by 
conjugation to a synthetic hapten. (Reproduced from B. Cinader (ed.) in ‘ Regulation 
of the Antibody Response’, Springfield, Illinois, Thomas, 1968.) 





produce antibodies which cross-react with native human serum albumin 
(HSA), a phenomenon most easily explained by the unmasking of 
determinants normally concealed in native RSA but accessible in native 
a} 
Roane observations suggest that natural tolerance might be broken by 
antigens similar, but not too similar, to native autologous components. 
There are two likely sources of suitable antigens: first, body components 
altered in the course of inflammation, trauma, or even normal wear and 
tear; secondly, micro-organisms with antigens which cross-react with 


tissue antigens. 
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i. Altered Body Components . 
Weigle [16] has shown that, whereas native homologous thyroglobulin 
without an adjuvant is not antigenic in rabbits, when coupled to certain 
haptens or modified by heating it elicits antibodies to normal thyro- 
globulin. Sometimes thyroiditis is also produced. Moreover, if immuniza- 
tion is continued with normal thyroglobulin, the antibody titre and the 
severity of the thyroiditis are increased [19]. There is no evidence, how- 
ever, that in man thyroglobulin becomes auto-antigenic through structural 
modification. Nevertheless, there are instances of autologous macro- 
molecules which do indeed become suitably altered in vivo. Alteration of 
immunoglobulins and complement, eliciting rheumatoid factors and 
immunoconglutinin respectively, is discussed earlier in this book (pp. 109, 
224). In both cases auto-antigenicity appears to depend on the exposure 
of hidden determinants as a result of unfolding of the molecules concerned 
during immunological reactions. 

There are many examples of tissue damage causing auto-immunization, 
but it is often not clear whether this is due to alteration of antigenic 
structure or to the release of native antigen. Antibodies to heart muscle 
have been found after cardiac surgery and myocardial infarction [20] and 
antibodies to cytoplasmic components of various organs after toxic 
liver injury in rats [21]. The latter observation appears to represent the 
enhancement of a low level of naturally occurring antibody rather than 
the termination of tolerance [22]. Tissue damage by in vivo freezing has 
also been found to induce auto-antibodies [23]. Another way in which 
body components may be made auto-antigenic is by the action of enzymes. 
Thus neuraminidase produced by certain myxoviruses and bacteria acts 
on the erythrocyte surface, unmasking the ‘T’ antigen, and the almost 
universal occurrence of T agglutinin in adult human sera appears to 
represent a harmless auto-immune response following natural infec- 
tion [24]. It has been suggested that in the human connective-tissue 
diseases such as systemic lupus erythematosus (p. 387) lysosomes are 
abnormally fragile and that the resulting release of enzymes modifies tissue 
antigens and so stimulates auto-antibody production [25]. 

The induction of auto-immunity has been studied by immunizing 
animals with tissues of other species. Auto-antibodies against lens, uvea, 
cornea, brain, liver, kidney, heart, adrenal, colonic mucosa, and thyro- 
globulin [16] can all be produced more readily by immunizing with the 
appropriate heterologous tissue than with homologous tissue [see 26]. The 
reason may be that the heterologous tissues contain haptens linked to 
proteins to which there is no tolerance whereas the homologous tissues 
contain the same haptens linked to proteins to which there is at least 
partial tolerance. Thus the efficacy of a foreign protein in potentiating the 
immune response to a simple chemical hapten is reduced if tolerance to 
the protein is first established [27]. Similarly, acquired tolerance to a 
synthetic hapten conjugated to a foreign protein can be terminated by 
Injections of the same hapten conjugated to another foreign protein (to 
which there is no tolerance) but not to a host protein [28]. These observa- 
tions suggest that auto-immunity could arise if host haptens became 
coupled to foreign carriers such as micro-organisms or their products. For 
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instance, the Wassermann antibody might be elicited by autologous lipids 
carried on Treponema pallidum. 


ii. Antigens of Micro-organisms 


Micro-organisms provide the second main source of antigens which 
might be able to terminate self-tolerance because of their similarity to 
tissue antigens. This subject has recently been reviewed [29]. It is fortunate 
that apparently suitable situations do not always lead to auto-immuniza- 
tion; the exact extent of cross-reactivity between the pairs of antigens 
concerned and the degree of tolerance to be overcome must both be 
relevant. There is strong evidence that antibodies against cardiac muscle 
in patients with rheumatic fever arise as a result of stimulation by related 
streptococcal antigens [30] and anti-colon antibodies in ulcerative colitis 
may be provoked by bowel organisms (p. 389). 

The existence of bacterial antigens similar to body constituents raises 
two interesting problems. The first is that if the immune mechanism did 
not respond to these extrinsic antigens there would be no specific immuno- 
logical defence against organisms whose main surface antigens resemble 
those of the host [31]. On the other hand, a vigorous response might 
carry the risk of producing auto-immunization. This dilemma may be 
resolved partly by the phenomenon of immune deviation (p. 380). The 
second problem is that of how small a divergence from the structure of a 
normal auto-antigen can be recognized by the immunological apparatus. 
Variation in the sensitivity of such discrimination would result in auto- 
immunity developing in one individual in response to an antigenic 
stimulus which another would ignore. 


B. Auto-immunization due to Abnormality of the Immunological Apparatus 


Auto-immunity could arise not only through abnormal antigenic 
stimuli in the various ways discussed above but also through the loss of 
tolerance resulting from a primary abnormality of the antibody-forming 
apparatus. In the clonal selection theory of antibody production Burnet 
postulated that lymphoid cells reacting with auto-antigens arise in normal 
subjects as a result of somatic mutations, but are suppressed by a control 
mechanism dependent on the presence of antigen [32]. A failure of this 
suppressive mechanism would lead to the proliferation of clones of auto- 
reactive cells. This was suggested as the underlying defect in diseases such 
as systemic lupus erythematosus and auto-immune haemolytic anaemia 
where auto-antibodies are directed against readily accessible antigens to 
which tolerance appears to be well developed. Auto-immune haemolytic 
anaemia sometimes occurs in malignant diseases of lymphoid tissue such 
as lymphosarcoma and chronic lymphatic leukaemia. Dameshek and 
Schwartz [33] ascribed this to somatic mutation in the rapidly proliferating 
neoplastic lymphoid cells. Auto-reactive cells arising in this way could be 
regarded as the equivalent of a tolerated graft of genetically dissimilar 
lymphoid cells capable of mounting an attack upon the host. In other 
words, the auto-immune disease is the equivalent of graft-versus-host 
disease (see Chapter 10). The latter is associated with Coombs-positive 
haemolytic anaemia [34] and skin, heart, and joint lesions histologically 
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resembling those seen in various human diseases which are thought to 
have an auto-immune basis. 

Although somatic mutation, whether in normal or neoplastic lymphoid 
tissue, provides an attractively simple explanation for auto-immunity, 
this hypothesis does not lend itself to experimental verification. There is, 
however, some preliminary evidence to suggest that certain auto-immune 
processes may result from viral transformation of lymphoid cells. For 
instance, mice surviving the acute stage of infection with reovirus 3 develop 
a chronic disease in which infectious virus can no longer be detected [35]. 
This chronic stage may be auto-immune because it resembles graft-versus- 
host disease and a similar syndrome can be transmitted to isologous new- 
born mice by spleen cells from affected adults. Lymphoma may develop 
in mice which survive the transmitted disease and it has been suggested 
that viruses might cause both auto-immune disease and lymphoma [35]. 
This is of particular interest in view of the possibility that an auto-immune 
disease of New Zealand Black mice, some of which develop lymphomas, 
is caused by a virus (p. 381). 


Ill. EXPERIMENTAL AUTO-IMMUNE DISEASE 
A. Production of Auto-immune Disease 


A wide range of organ-specific auto-antibodies may be produced by 
immunization with extracts of the corresponding organs, either alone or 
with incomplete adjuvant. However, except when the antigen is chemically 
altered [16, 36], tissue damage rarely occurs unless many immunizing 
injections are given over a long period of time or unless a bacterial 
adjuvant is incorporated into the injection mixture. Thus in order to 
produce encephalomyelitis in monkeys Rivers and Schwentker [37] gave 
46-85 intramuscular injections of cerebral tissue during periods of 5-9 
months. The introduction of Freund’s complete adjuvant greatly facilitated 
the production of encephalomyelitis [38, 39], and led to the production of 
further experimental diseases such as uveitis [40], orchitis [41], thyroiditis 
[42], and adrenalitis [43] in a similar manner. 

The exact course of events following immunization depends on the 
species and strain, the antigen, the adjuvant, and the route of administra- 
tion. Following the intradermal injection of antigen with Freund’s 
complete adjuvant, delayed hypersensitivity to the homologous antigen 
usually appears after 5-10 days, although in the case of adrenalitis delayed 
skin reactions have not been obtained [44]. Shortly after this the organ 
concerned becomes infiltrated by lymphocytes, histiocytes, and sometimes 
plasma cells, except in orchitis where cellular infiltration is absent or 
minimal. This is soon followed by parenchymal tissue damage and 
humoral antibodies may appear at about this time. 

Although Freund’s complete adjuvant has been the most widely used, 
several organisms have been substituted for mycobacteria in mineral oil 
emulsions and there is considerable variation in the effectiveness of various 
adjuvants in different animal species [45]. Thus for the production of 
auto-immune disease in the guinea-pig incomplete adjuvant is ineffective 
and mycobacteria or other bacteria such as Bordetella pertussis or 
Corynebacterium rubrum are mandatory. On the other hand, in the case of 
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encephalitis in the rat, a bacterial component is not required and mineral 
oil alone is an adequate adjuvant as is aqueous pertussis vaccine without 
mineral oil [45]. 

_ Adjuvants appear to promote the production of auto-immune diseases 
in two ways. First, they facilitate the breakdown of tolerance; this has 
been clearly shown in the case of acquired tolerance to bovine serum 
albumin in rabbits [46] and applies equally to natural tolerance. Secondly, 
they enhance the development of delayed hypersensitivity which is 
prepay the main pathogenetic mechanism in most of the experimental 

iseases. 

The intradermal route is the most effective route of immunization, as 
was first demonstrated for encephalomyelitis [47]. This is probably a 
function of the rate of release of antigen from the injection site and the 
nature of the lymphatic drainage. Excision of the injection site within an 
hour does not prevent the appearance of encephalitis, some of the injected 
material having already reached the regional lymph-nodes [48]. Encepha- 
litis is prevented by excision of these nodes [49] and its production is 
greatly enhanced if injections are given directly into lymph-nodes [50]. 

Most experimental auto-immune diseases can be produced by immuniza- 
tion with autologous tissue. For instance, in rabbits immunized with 
thyroid tissue obtained by surgical excision of one lobe, thyroiditis occurs 
in the other lobe [51]. However, isologous, homologous, or heterologous 
tissue is usually used. The relative efficacy of tissue from different species 
in producing disease varies according to the organ being studied and the 
species of the recipient, and may be unrelated to its efficacy in stimulating 
auto-antibody formation. Thus, in the rabbit, immunization with hetero- 
logous thyroglobulin in Freund’s incomplete adjuvant results in the 
production of antibodies to rabbit thyroglobulin but not thyroiditis [16]. 
The fact that an antigen capable of eliciting antibody may be incapable of 
producing tissue damage has important implications for the possible 
auto-immune pathogenesis of some human diseases. 

Some progress has been made towards the identification of antigens 
responsible for experimentally induced tissue damage. Thyroglobulin 
was soon identified as the component of thyroid extracts active in producing 
thyroiditis, but the nature of the encephalitogenic factor in brain tissue 
has proved more elusive. Lipid—protein complexes, collagen-like protein, 
and water-soluble basic protein have all been championed [52]. It has 
recently been suggested that a polypeptide component of myelin, which 
may have a molecular weight as low as 3000, accounts for the activity of 
these fractions [53, 54]. The antigenicity of such a small molecule is of 
great interest, especially in the light of the observation that synthetic 
polypeptides can elicit delayed hypersensitivity [55]. 


B. Prevention of Experimental Auto-immune Disease 


Auto-immune disease following immunization with the appropriate 
organ extract in Freund’s complete adjuvant may be prevented in various 
ways. Some of these, such as excision of the draining lymph-nodes, the 
use of antimitotic drugs, and neonatal thymectomy, are mentioned else- 
where in this chapter. Corticosteroids and antilymphocyte serum have 


also been used. 
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Other methods include previous experience of the specific antigen, 
previous production of the same disease, and immunization with unrelated 
antigens. These will now be considered according to the probable 
mechanisms involved. 


1. TOLERANCE 

The injection of brain [56], thyroid [57], or testis [13] in saline or 
incomplete adjuvant can inhibit the development of auto-immune disease 
after a later challenge by antigen in Freund’s complete adjuvant. 
Similarly, thyroiditis produced by chemically altered thyroglobulin without 
adjuvant is suppressed by the prior injection of unaltered thyro- 
globulin [58]. Two different mechanisms, induction of tolerance and 
production of protective antibody, may account for the prevention of 
auto-immune disease in this way. 

In this type of experiment it is common for the inhibition of the disease 
to be accompanied by the appearance of the corresponding circulating 
antibody, so it is evident that tolerance as it is usually understood, 
affecting all forms of immune response, both humoral and cellular, is not 
induced. In the guinea-pig inhibition of orchitis is accompanied by the 
production of antibody to testis (presumably gamma-1) demonstrable by 
passive cutaneous anaphylaxis, but the delayed hypersensitivity and 
cytotoxic (presumably gamma-2) antibody responses are suppressed [59, 
60]. This is probably an example of ‘split tolerance’ or ‘immune devia- 
tion’, a phenomenon which has been elicited in the guinea-pig using 
extrinsic antigens (p. 150). Thus prior or concurrent treatment with 
antigen, either soluble, alum-precipitated, or in Freund’s incomplete 
adjuvant, modifies the responses to the same antigen given in Freund’s 
complete adjuvant [61, 62]. Delayed hypersensitivity is greatly depressed 
and gamma-2 antibody moderately depressed, while the gamma-1 response 
is depressed only slightly or not at all. The responses most easily depressed, 
delayed hypersensitivity and gamma-2 antibody, are those considered able 
to cause tissue damage. This may be of importance for the limitation of 
spontaneous auto-immune disease since it would allow harmless gamma-1 
responses to tissue antigens but prevent damaging responses [63]. 


2. PROTECTIVE ANTIBODY 


Rats which have recovered from encephalomyelitis are resistant to 
further challenge. Their serum contains a complement-fixing antibody 
against alcoholic brain extracts and will protect other rats from developing 
the disease [64], probably by blocking the induction of delayed hyper- 
sensitivity or the peripheral action of sensitized cells. This mechanism 


i aero to that of the immune enhancement of tumour growth 
p. ; 


3. ANTIGENIC COMPETITION 


Animals which have been treated with either Freund’s complete 
adjuvant or pertussis vaccine and then challenged with brain extract in 
complete adjuvant are protected against the development of encephalo- 
myelitis. This is probably the result of antigenic competition [65]. 


AUTO-IMMUNITY 381 


C. The Spontaneous Auto-immune Disease of New Zealand Black Mice 


In mice of the inbred New Zealand Black (NZB) strain and in crosses 

between this and other strains there arises spontaneously a disease which 
is a remarkably close model of systemic lupus erythematosus (p. 387). 
These mice develop an auto-immune haemolytic anaemia, circulating 
antinuclear antibodies which include the lupus erythematosus (LE) 
factor [66], and glomerulonephritis (p. 383). 
_ There is also striking proliferation of plasma cells and reticulum cells 
in many organs, especially the spleen and lymph-nodes, and malignant 
lymphoma may develop. This observation led to the identification by 
electron microscopy of particles resembling murine leukaemia virus not 
only in tumour cells but also in other tissues [67]. Similar particles are 
even present in foetuses and in germ-free older mice [68]. The possibility 
that these particles are indeed viral and that they are the cause of the auto- 
immune disease as well as the lymphoma is supported by a claim to have 
transmitted both conditions from NZB mice to mice of another strain by 
inoculation in infancy with cell-free filtrates [69]. The virus may be 
acquired by NZB mice in utero and persist into adult life as a tolerated 
infection as in the case of lymphocytic choriomeningitis. 


D. Mechanisms of Tissue Damage 
1. CELLULAR IMMUNITY IN ENCEPHALOMYELITIS AND THYROIDITIS 


It is generally considered that cellular rather than humoral mechanisms 
play a major role in causing the tissue lesions of encephalomyelitis and 
thyroiditis. The evidence may be summarized as follows :— 

a. The histological picture of the early lesions is one of perivascular 
cuffing and parenchymal infiltration by lymphoid cells as seen in a delayed 
hypersensitivity reaction to the intradermal injection of antigen. 

b. There is a parallel between the ability of Freund’s complete adjuvant 
to enhance the production of auto-immune tissue damage and its promo- 
tion of delayed hypersensitivity. However, antibody production is also 
enhanced. 

c. The severity of the disease correlates better with delayed skin reactions 
to the immunizing antigen than with antibody titres both in thyroiditis [70] 
and encephalomyelitis [71]. In the latter disease exceptions may be due to 
the use of crude preparations containing multiple antigens some of which, 
although not encephalitogenic, may be capable of eliciting delayed hyper- 
sensitivity [72]. Conversely, a role for humoral immunity cannot be 
excluded by a lack of correlation between a given antibody and disease 
activity because of the possibility that other, tissue-damaging antibodies 
are present but not detected by the methods used. 

d. The effects of both serum and lymphoid cells from animals with 
experimental auto-immune diseases on cell cultures of the target organs 
have been studied. In thyroiditis cytotoxic antibodies have not been 
detected in any species except the monkey [73], but negative results have 
also been obtained with lymphocytes [74] in spite of earlier claims of 
success. On the other hand, in encephalomyelitis both serum [75] and 
lymphoid cells [76] appear to be toxic to cultures of nervous tissue, raising 
the possibility of synergism between humoral and cellular factors. 
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e. Blast-cell transformation and inhibition of macrophage migration in 
the presence of antigen are discussed fully in Chapter S.A 

f. Passive transfer: neither encephalomyelitis nor thyroiditis has been 
transferred from affected animals to recipients with serum even in large 
quantities. A claim to have transferred encephalomyelitis by injecting 
serum directly into the lateral ventricles of the brain [77] has not been 
substantiated. However, encephalomyelitis can be transferred with 
lymphoid cells provided the recipient is tolerant to them. Patterson [78] 
originally achieved this in outbred rats by first inducing tolerance to normal 
cells from the prospective donor and then injecting sensitized cells. 
Transfer with lymphoid cells has subsequently been demonstrated in 
inbred, histocompatible strains. The transfer of thyroiditis with lymphoid 
cells was claimed in a preliminary report in 1961 [79], but this has not been 
confirmed. 

g. Dissociation of cellular and humoral responses: in guinea-pigs 
immunized with small doses of homologous thyroglobulin heavily con- 
jugated with picryl groups humoral antibody production is greatly 
decreased, but the incidence of thyroiditis and delayed skin reactions is not 
affected [80]. Conversely delayed hypersensitivity to thyroglobulin and 
the severity of thyroiditis are reduced by 6-mercaptopurine while the anti- 
body response is undiminished [81]. In the chicken neonatal thymectomy, 
which impairs cellular but not humoral immunity, prevents the appearance 
of thyroiditis [82] and encephalomyelitis [83], and diminishes delayed skin 
reactions but not antibody production to the corresponding antigens. On 
the other hand, neonatal bursectomy, which impairs humoral but not 
cellular immunity, does not inhibit these diseases or the skin reactions, 
although antibody production is reduced. 

In summary, there is evidence that tissue damage in experimental 
allergic encephalomyelitis is due to auto-aggressive lymphoid cells rather 
than antibody. In thyroiditis the case for cellular immunity is less 
compelling, the main gaps in the evidence being the lack of any convincing 
demonstration that sensitized lymphocytes will specifically attack thyroid 
cells in vitro or that they will transfer the disease. 


2. SYNERGISM BETWEEN HUMORAL AND CELLULAR IMMUNITY IN ORCHITIS 


_ Cellular infiltration is absent in the early stages of experimental auto- 
immune orchitis and this must raise some doubt as to whether cellular 
mechanisms are solely or principally involved in the production of the 
lesion. Under certain conditions it is possible to elicit anti-testis anti- 
bodies without delayed hypersensitivity, while under different conditions 
delayed hypersensitivity can be elicited without circulating antibodies [84]. 
In neither of these two sets of circumstances is there any evidence of 
testicular damage. However, lesions develop when animals with delayed 
hypersensitivity alone are given serum containing antibody or when 
animals with antibody alone are given sensitized lymphoid cells. The 
presence of humoral antibody has been shown to potentiate the passive 
transfer of delayed hypersensitivity to various extrinsic antigens [85] and 
synergism of this type may well prove to be concerned in the pathogenesis 
of other diseases, both experimental and human. 
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3. ANTIBODIES 


Auto-antibodies against red blood-cells cause haemolytic anaemia in 
384) and are more fully discussed in connexion with human disease 
p. ; 

Recent work has shown that humoral antibodies are also responsible 
for the glomerulonephritis which follows immunization with glomerular 
basement membrane (GBM) material, either heterologous, homologous, 
or autologous [86]. Anti-GBM antibodies, together with complement, 
localize as a linear deposit along the GBM from which they can be 
recovered by acid elution. In animals whose kidneys have been removed 
following the development of nephritis, the antibodies accumulate in the 
serum in sufficient amounts to permit the passive transfer of the disease to 
normal homologous recipients. Anti-GBM antibodies are also involved 
in some types of glomerulonephritis in man (p. 388). 


4. IMMUNE COMPLEXES 


The tissue lesions of serum sickness have been shown to result from the 
deposition of complexes of foreign antigen, antibody, and complement 
(p. 247). In the kidney these complexes form discrete masses on the 
outer (epithelial) side of the glomerular basement membrane and the 
lesions are therefore readily distinguished from those due to anti-GBM 
antibodies. The fact that the kidney bears the brunt of the attack, although 
the antigens concerned are unrelated to kidney, is probably due to its 
filtering function, the pores in the glomerular capillary endothelium 
providing direct contact between blood and basement membrane. 

When renal damage occurs by this mechanism and the antigen is either 
autologous or cross-reacts with autologous components it is justifiable to 
describe the lesions as auto-immune. The glomerulonephritis produced 
by immunizing rats with homologous whole-kidney homogenates in 
Freund’s complete adjuvant is of this type and anti-GBM antibodies are 
not involved [86]. The antigen is not a constituent of the glomerulus but 
of the brush border of the cells lining the proximal convoluted tubule. Not 
only homologous antigen used for immunization but also circulating 
autologous tubular antigen, together with antibody and complement, are 
deposited on the outer side of the glomerular basement membrane [87] 
in the lumpy manner characteristic of serum sickness nephritis. A similar 
glomerular lesion develops spontaneously in NZB mice (p. 381) as a result 
of the deposition of immune complexes involving nuclear antigens and 
antinuclear antibodies [88]. 


IV. AUTO-IMMUNITY AND DISEASE IN MAN 


Much of the interest in auto-immunity stems from its possible clinical 
importance as a mechanism causing human disease. However, auto- 
antibodies may occur in the serum of healthy individuals. Thus anti- 
bodies against various tissue components occur 1n normal animals [22] 
and antibodies against immunoglobulin fragments are found in both 
animals and human beings. Sometimes auto-antibodies are merely 
the consequence of tissue damage (p. 376). It has even been suggested 


that auto-immunity plays a normal, physiological role in the removal of 
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tissue debris [89]. On the other hand, auto-antibodies arising in response 
to tissue damage could cause further damage leading to a vicious circle. 
Finally, an auto-immune process might be solely responsible both for 
initiating and perpetuating disease. ; 

Many diseases of man have been labelled ‘auto-immune’ on insufficient 
evidence, and it may therefore be helpful to have certain criteria to be 
fulfilled before a given disease can be said to be the result of auto- 
immunity. The main criteria are as follows :— 

a. There is auto-antibody and/or delayed hypersensitivity against the 
diseased tissue. 

b. Auto-antibody or lymphoid cells specifically attack cells of the 
target organ in tissue culture. Even more convincing is the passive 
transfer of the disease to an experimental animal, a human volunteer, or a 
grafted human organ (p. 388). 

c. As an alternative to (a) and (4), immune complexes are found at the 
sites of tissue lesions. The complexes may be composed of auto-antigen 
and auto-antibody unrelated to the tissue in which they are deposited. 

d. An experimental model can be produced by active immunization 
with the appropriate organ extract, usually in Freund’s complete adjuvant, 
or else a similar disease occurs spontaneously in animals. 

Other features, common to many supposedly auto-immune diseases, 
are sometimes cited as additional criteria for an auto-immune pathogenesis. 
These provide at best very indirect evidence, but may be useful as indicating 
that immunological investigation is warranted. They include: (i) raised 
serum immunoglobulin levels; (ii) tissue infiltration by lymphocytes, 
plasma cells, and histiocytes; (iii) familial incidence of the disease; (iv) an 
association with other possibly auto-immune diseases in patients and their 
relatives; (v) abnormality of the thymus; and (vi) beneficial effect of 
corticosteroids and cytotoxic agents. 

Some examples of human disease, selected mainly on the strength of the 
evidence for auto-immunity as the cause of the tissue damage, will now 
be considered. Understanding of aetiology, the underlying cause of auto- 
immunization, has not advanced in step with that of pathogenesis and is 
still largely at the stage of speculation. 


A. The Auto-immune Haemolytic Anaemias 


Auto-immune haemolytic anaemia is due to auto-antibodies against 
red blood-cells. It may be either primary, occurring in the absence of 
any other disease process, or secondary to an underlying disease such 
as chronic lymphatic leukaemia, lymphosarcoma, systemic lupus 
erythematosus, mycoplasmal pneumonia, or glandular fever. 

Serologically there are two major groups, characterized by ‘warm’ and 
‘cold’ antibodies respectively [90]. Warm antibodies are most active at 
37° C., are usually incomplete, do not fix complement, and belong to the 
IgG class. However, incomplete IgM and IgA warm antibodies and 
IgM warm haemolysins also occur [91]. Cold antibodies are most active 
at 4°C., become progressively less active at higher temperatures, and, in 
most cases, are inactive above 32°C. They are complete IgM antibodies 
which cause haemolysis in the presence of complement at. temperatures 
somewhat higher than the optimum for agglutination. 
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Although the antiglobulin reaction shows that immunoglobulin is 
present on the red-cell surface, it is necessary to have proof that this 
represents antibody specifically combined with antigen since adsorption of 
globulins can occur non-immunologically [92]. Proof has been provided 
by eluting the antibody and showing that it will then react with other cells 
of the same specificity. In some cases it has even been possible to show 
that, following recovery, the patient’s ‘healthy’ cells can be sensitized by 
his own serum taken during the active phase of the disease [93]. 

Rhesus specificity has been demonstrated for at least 70 per cent of 
warm antibodies. Some are directed against well-known antigens such as 
“e’, others against antigens of the Rh system which are not recognized by 
the usual Rh iso-antibodies and appear to be universally distributed [94]. 
The cold antibodies are of completely different specificity and this usually 
involves the li blood-group system, most being anti-I but a few being 
anti-i [95]. 

Paroxysmal cold haemoglobinuria is a syndrome which is rare nowa- 
days. In the past it was often secondary to congenital syphilis, but primary 
cases also occur. In 1904, in the first published report of an auto-immune 
disease in man, Donath and Landsteiner [96] described an autohaemolysin 
which explained the pathogenesis of this condition. It is an IgG antibody 
which combines with red cells at low temperatures (around 2° C.) but does 
not cause lysis until the temperature is raised to above 30° C. It is specific 
for the blood-group antigen P [97]. 

An interesting example of warm-antibody haemolytic anaemia has 
recently been described in patients taking the anti-hypertensive agent 
a-methyldopa [98]. Up to one-third of those treated develop positive 
direct antiglobulin tests, but only a very small proportion of these have 
evidence of increased red-cell destruction. In haemolytic anaemia due to 
certain other drugs, such as Fuadin (stibophen) and in thrombocytopenia 
due to Sedormid (apronal), the antibodies are directed against the drug or 
the drug—cell complex [99]. However, in a-methyldopa-induced anaemia 
the antibodies are directed against intrinsic red-cell antigens (usually of 
Rh specificity) and are true auto-antibodies. 

Although haemolytic antibodies, especially when present in high titre, 
may cause lysis in the blood-stream, they usually cause red-cell destruction 
in a more indirect way. When coated with warm antibody, red cells are 
mainly removed from the circulation by the spleen and, when coated with 
cold antibody, by the reticulo-endothelial system in general, especially in 
the liver. 

There is no evidence that alterations to the red-cell surface are the 
cause of auto-immunization except perhaps in the case of anti-I antibodies 
following mycoplasmal infection which may be due to alteration of the 
I antigen by the organism [100]. There is also nothing to implicate cross- 
reacting antigens of micro-organisms. It 1s therefore possible that there 1s 


4 loss of tolerance due to a primary abnormality of lymphoid cells. 


B. Hashimoto’s Thyroiditis and Related Conditions 

Hashimoto’s thyroiditis, idiopathic adrenal atrophy, hypopara- 
thyroidism, and the atrophic gastritis of pernicious anaemia form a group 
of conditions characterized by lymphoid-cell infiltration of a particular 
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organ and the presence in the serum of antibodies specific for that organ. 
These conditions are found together in one patient or in members of a 
family more often than could occur by chance, either as overt clinical 
disease or as subclinical disease detectable only by the presence of anti- 
bodies or of histological changes at biopsy. 

In Hashimoto’s disease the thyroid is invaded by large numbers of 
lymphocytes, plasma cells, and histiocytes. The acini are destroyed and if 
the damage is severe enough hypothyroidism develops. Antibodies against 
three different thyroid antigens have been fully documented; thyro- 
globulin [14], a second antigen of the acinar colloid distinct from thyro- 
globulin [101], and the microsomes of thyroid epithelial cells [102]. 
Virtually all patients have at least one of these antibodies in their serum, 
but the titres do not correlate well with the severity of the disease 
process. 

Experimental thyroiditis is a good model of Hashimoto’s disease and 
strengthens the evidence that the latter has an auto-immune pathogenesis. 
There are, however, differences between the two conditions, such as the 
absence of a microsomal antigen-antibody system in most animal species 
and the usually self-limiting course of the experimental disease. 

In the presence of complement the microsomal antibody rapidly kills 
thyroid cells in tissue culture [103]. For three reasons it appears unlikely 
that this antibody is solely responsible for the tissue damage in Hashimoto’s 
disease. First, the cytotoxic effect can only be demonstrated in cultures 
prepared from cells dispersed by proteolytic enzymes, suggesting that prior 
alteration of the cell surface is necessary. Secondly, although it is often an 
IgG antibody and able to cross the placenta, it does not appear to damage 
the thyroids of infants whose mothers have the disease. Lastly, it reacts 
with monkey thyroid microsomes in vitro, but no effect has been detected 
following infusion of serum into a monkey. 

The heavy infiltration of the thyroid by lymphoid cells and the analogy 
with experimental thyroiditis both suggest a role for delayed hyper- 
sensitivity in Hashimoto’s disease, but there is little direct evidence for 
this [104]. Skin reactions to the injection of thyroid extracts have been 
studied in a few cases and, when positive, have been of Arthus type, 
probably due to the presence of high titres of antithyroglobulin antibody. 
Experiments on blast-cell transformation of patients’ lymphocytes in 
response to thyroid antigens have given conflicting results and lympho- 
cytes do not appear to damage thyroid cells in culture. Perhaps the thyroid 
lesions are the result of synergism between cellular and humoral mechan- 
isms as in experimental orchitis, sensitized lymphocytes rendering thyroid 
cells susceptible to the cytotoxic antibody. 

_Thyrotoxicosis (Graves’ disease) is clinically and serologically associated 
with other members of the Hashimoto group of diseases. The thyroid is 
hyperplastic and secretes an excess of thyroxine. Lymphocytic thyroiditis 
is usually present but, unlike that of Hashimoto’s disease, it is confined to 
small, scattered foci and is usually not progressive. The antibodies 
characteristic of thyroiditis are frequently present, but recent interest has 
centred on a further serum factor which, when injected intravenously, 
stimulates the thyroids of assay animals [105] and human volunteers [106]. 
It is known as the long-acting thyroid stimulator (LATS) because its 
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effect is more prolonged than that of thyroid-stimulating hormone. LATS 
appears to be an antibody since activity is confined to IgG, is absorbed by 
thyroid tissue, and can then be recovered by acid elution [107]. The 
precise antigenic site in the thyroid is unknown but it may be in the cell 
membrane. LATS probably accounts entirely for the thyroid overactivity 
in thyrotoxicosis and is of particular interest as an auto-antibody which 
stimulates rather than damages its target. 

There is no evidence that thyroid auto-immunization is the result of 
excessive leakage of antigens from the gland (p. 374) or of the formation of 
abnormal, cross-reacting thyroglobulin (p. 376). The frequent coexistence 
of multiple organ-specific antibodies in a single individual is more readily 
explained as a disturbance of tolerance than as the result of abnormal 
antigenic stimuli arising in multiple organs. The familial incidence of 
organ-specific auto-immunity indicates that, whatever the nature of the 
underlying disturbance, it is genetically determined. In the case of the 
thyroid there appears to be a dominant mode of inheritance [108]. 


C. Systemic Lupus Erythematosus 


Systemic lupus erythematosus (SLE) resembles the disease of NZB 
mice (p. 381) in many respects. Lesions are found in the skin, joints, 
serous membranes, blood-vessels, and renal glomeruli, those in the 
glomeruli being a major cause of death. There is a remarkable range of 
circulating antibodies against various nuclear and cytoplasmic components 
which are neither organ nor species-specific [109, 110]. Nuclear antigens 
include deoxyribonucleoprotein (DNP), both double and single-stranded 
deoxyribonucleic acid (DNA), histone, a soluble nuclear protein distinct 
from histone, and ribonucleic acid of the nucleolus. Antibodies may also 
be directed against antigens of mitochondria, ribosomes, lysosomes, and 
a soluble cytoplasmic fraction. The incidence of these antibodies varies; 
thus antibody to DNP is present in virtually all cases of SLE whereas anti- 
body to nucleoli is only found in a small minority. Rheumatoid factor is 
found in about one-third of cases. 

The LE-cell phenomenon, first described in 1948 [111], was largely 
responsible for the subsequent interest in immunological aspects of SLE 
and has been shown to depend on the antibody to DNP. This antibody 
cannot, of course, enter healthy cells, but it can reach the nuclei of damaged 
leucocytes and causes them to swell and become homogeneous. In the 
presence of complement these altered nuclei (LE bodies) are then phago- 
cytosed by healthy polymorphonuclear leucocytes or monocytes which, 
with their contained LE bodies, are known as LE cells. 

Although antibodies against erythrocytes, leucocytes, platelets, and 
blood-clotting factors occur in some cases and are responsible for haemo- 
lytic anaemia, leucopenia, thrombocytopenia, and clotting defects 
respectively, there is no evidence that any of the antibodies to nuclear or 
cytoplasmic components mentioned earlier are directly cytotoxic. Indeed, 
their targets, being intracellular, are presumably inaccessible to antibody. 
However, deposits of immunoglobulin and complement have been found 
at the sites of tissue lesions, especially in renal glomeruli, and are believed 
to represent immune complexes formed elsewhere. The glomerular deposits 
have the distribution characteristic of immune-complex nephritis (p. 383) 


388 BASIC IMMUNOLOGY 


and appear to be composed of nuclear and cytoplasmic antigens and the 
corresponding auto-antibodies [112]. 

A number of observations, some still unconfirmed, suggest that cellular 
immunity may also be concerned in the pathogenesis of SLE [104]. 
Patients’ lymphocytes are transformed to blast cells by DNA [113] and 
it has been claimed that they will destroy homologous fibroblasts in tissue 
culture. Delayed skin reactions to the injection of autologous leucocytes 
and of purified nuclear antigens have also been described [104]. 

In view of the wide distribution of the non-organ specific antigens, their 
presence in the antibody-forming cells themselves, and, compared with 
organ-specific antigens, their poor antigenicity when injected into experi- 
mental animals it appeared until recently that tolerance towards them was 
well established. This suggested that there was loss of tolerance in SLE 
because of a primary abnormality of lymphoid cells. 

However, there is increasing evidence that both nuclear and cytoplasmic 
constituents are in fact antigenic in individuals with a normal immune 
mechanism. Antinuclear antibodies have been produced experimentally 
by immunization with nucleoproteins and with nucleic acids and purine 
and pyrimidine bases coupled to carrier proteins [114]. They also occur 
after pulmonary infarction in man. Moreover, antibodies to non-organ- 
specific cytoplasmic components are stimulated by toxic liver injury in rats 
and viral hepatitis in man. The underlying abnormality in SLE could 
therefore be a state of hyperreactivity to cell-breakdown products. The 
suggestion that the disease of NZB mice is due to a virus raises a similar 
possibility in SLE but there is no evidence for this at present. 


D. Glomerulonephritis 


There are several types of glomerulonephritis in addition to that seen 
in SLE. Perhaps the commonest is acute glomerulonephritis following 
infection with certain serotypes of group A, beta-haemolytic streptococci. 
The presence in the serum of low complement levels and of an altered 
complement component C;, [115] and the deposition of immunoglobulin 
and complement in the glomeruli suggest an immunological mechanism 
for this disease, but the exact role of the streptococcus is uncertain. An 
antigenic relationship has been reported between a strain of nephritogenic 
streptococci and human glomeruli and on this basis acute glomerulo- 
nephritis has been attributed to auto-immunization by cross-reactive 
antigen [116]. However, this cross-reactivity is not clearly established [117], 
and there is evidence that the glomerular lesions are due to the deposition 
of immune complexes which may contain streptococcal antigen [88]. 

On the other hand, some forms of human glomerulonephritis appear to 
be genuinely auto-immune [88] and to be due to antibodies against the 
glomerular basement membrane (GBM), as in the experimental disease 
produced by immunization with GBM material (p. 383). Antibodies eluted 
from affected kidneys will transfer the disease to monkeys. Moreover, in 
one patient antibodies appeared in the serum following bilateral nephrec- 
tomy but then rapidly disappeared after renal allotransplantation due to 
fixation to the GBM of the graft in which glomerulonephritis then 
developed. The cause of auto-immunization against GBM antigens is 
unknown, but it could well be due to previous renal damage. : 


AUTO-IMMUNITY 389 
E. Ulcerative Colitis 


In this disease the mucosa of the large intestine becomes inflamed and 
ulcerated. There are auto-antibodies against mucus-secreting cells of both 
large and small intestine but they are not related to the severity of the 
disease [118, 119]. The fact that their incidence and titre are not raised in 
amoebic colitis indicates that they are not merely the result of damage to 
the colon [120]. Perlmann and Broberger [121] found that patients’ 
blood lymphoid cells, but not serum, were toxic to fresh suspensions of 
homologous colon cells in the presence of complement. The necessity for 
complement in this reaction is rather surprising and has been both 
confirmed [122] and denied [123] by other workers. 

There is evidence that auto-immunity in ulcerative colitis may arise 
through stimulation by a bacterial antigen in the bowel flora. Experiments 
with patients’ sera have shown cross-reactions between an antigen in 
lipopolysaccharide extracts of colon from germ-free rats and one in 
Escherichia coli 014 which is common to most Enterobacteriaceae [120]. 
Moreover, auto-antibodies against colon have been produced by immuni- 
zation of rabbits with another strain of E. coli in Freund’s complete 
adjuvant [124]. 


F. Myasthenia Gravis and the Role of the Thymus in Auto-immune Disease 


Myasthenia gravis is a disease in which there is excessive fatigue of 
voluntary muscles due to impaired neuromuscular transmission. Auto- 
antibodies against an antigen common to skeletal muscle A bands and 
the epithelial cells of the thymus are found in 30 per cent of patients [125]. 
The antibodies do not appear to be responsible for the neuromuscular 
block since they show no correlation with its severity and are not directed 
against the motor end-plate. However, some other humoral factor is 
probably involved since a transient neonatal myasthenia unrelated to the 
transfer of antimuscular antibody is seen in infants born of myasthenic 
mothers [126] and globulin fractions of patients’ serum inhibit neuro- 
muscular transmission in the rat [127]. In the majority of patients 
lymphoid follicles with germinal centres are seen in the thymus in large 
numbers. Some of the remaining cases are associated with a thymic 
tumour and follicles are then found in the adjacent thymic tissue. 

It was recently claimed that an experimental model of myasthenia 
gravis had been produced by immunizing guinea-pigs with skeletal muscle 
or thymus extracts in Freund’s complete adjuvant [128]. Changes were 
described in the thymus which were considered to represent an auto- 
immune thymitis and a neuromuscular block developed. In addition, 
following immunization with muscle, antibodies against muscle and 
thymic epithelial cells appeared in the serum. The neuromuscular block 
was prevented by thymectomy on the day before immunization and it was 
suggested that a blocking agent was released from the damaged thymus. — 

Lymphoid follicles are a feature of the thymus not only in myasthenia 
gravis but also in Hashimoto’s thyroiditis, thyrotoxicosis, systemic lupus 
erythematosus, and the disease of NZB mice and related strains. It has 
been generally believed that thymic follicles are not present in normal 
individuals and their presence in these diseases has given rise to specula- 
tion as to whether thymic abnormalities are in any way responsible for the 
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development of auto-immunity. One hypothesis is that these follicles are 
the sites of formation of auto-reactive lymphoid cells [129]. However, 
neonatal thymectomy fails to prevent the appearance of auto-immune 
disease in NZB mice [130]. This is not surprising since the thymus is 
concerned mainly in the development of the ability to manifest cellular 
immunity (p. 311), while the disease of NZB mice is mediated by anti- 
bodies. Neonatal thymectomy does, however, prevent the subsequent 
production of experimental auto-immune encephalomyelitis and 
thyroiditis, diseases in which cellular immunity appears to play a dominant 
role (p. 381). An alternative hypothesis is that the thymic changes indicate 
damage to the organ because of which it is unable to perform a postulated 
normal function of eliminating autoreactive cells [131]. 

The significance which has hitherto been attached to the finding of 
lymphoid follicles in the thymus in various diseases will have to be 
reassessed in the light of a recent autopsy study of the ‘normal’ 
thymus [132]. Thymic follicles were found in 70 per cent of patients under 
40 years of age who died after accidents. However, following terminal 
illness of more than a few days’ duration and with advancing age, follicles 
were rarely found. 


V. CONCLUSIONS 


It is evident from this brief account that, in spite of much experimental 
work in animals and much speculation, the origin of auto-immunity in 
human disease is still largely obscure, except in certain conditions in 
which it may be provoked by bacterial antigens which cross-react with 
body constituents. On the other hand, although auto-immunization may 
occur in health or simply as a resu/t of tissue damage, its importance as a 
pathogenetic mechanism in certain diseases is becoming increasingly clear. 
This is of practical importance as well as of academic interest since it 
provides a rational basis for treatment with the immunosuppressive agents 
which are used to inhibit the allograft reaction (p. 323). Corticosteroids 
are of value in a number of auto-immune diseases and have been widely 
used for some years. Cytotoxic drugs such as azathioprine have been 
introduced more recently and are still being assessed. Antilymphocyte 
serum has been found to be effective in treating experimental auto-immune 
encephalomyelitis [133], but its use in human disease is a matter for future 
investigation. 
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